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The Zeeman and Paschen-Back effects in strong 
magnetic fields 

By P. Kapitza, F.R.S., P. G. Strelkov and E. Laurman 

Institute for Physical Problems of the Academy ofjicietn 
of the U.S.S.R., Moscow 

(Received 7 February 193f(f 
[Plates 1, 2] 

1. Introduction 

The Zeeman effect in strong magnetic fields was first studied by napitza 
and Skinner ( 1925 ), the fields being obtained by a method developed by 
one of us (Kapitza 1924 ), in which an accumulator battery of small cap&oity 
was discharged through a coil. In this way it was possible to obtain magnetic 
fields up to 140,000 gauss during a time of ^ sec. It turned out that in 
such fields the majority of the spectral lines which were studied, split up 
(within the limits of experimental error) proportionally to the applied field, 
in accordance with the theory which had previously been verified only in 
weaker magnetic fields. An exception, however, was the zinc line at 
4680 A, which gave a splitting about 10 % greater than that predicted by 
the theory, this discrepancy being outside the limits of experimental error. 

Since then the method of producing strong magnetic fields has been 
considerably developed (Kapitza 1927 ); instead of the discharge of an 
accumulator the powerful current impulse from a short-circuited generator 
has been used, which has made possible the production of fields more than 
twice as great as those formerly obtained, and, moreover, in considerably 
larger volumes. At the same time the technique of measuring the magnetic 
field has also been improved. Using these improvements we have made a 
new investigation of the Zeeman effect in fields up to 320,000 gauss, in 
*which we have been able to increase considerably the acouraoy of the 
measurements, and to explain the cause of the discrepancies previously 
found. We have also been able to investigate the Paschen-Back effect and 
to verify the theory of this effect. 

2. The experimental arrangement 

The experiments were made only in longitudinal fields, since this was the 
most convenient under our experimental conditions. 
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2 P. Kapitza, P. G. Strelkov and E. Laurman 

In its essentials the experimental arrangement is similar to that used 
in the former research; it is shown schematically in fig. 1. 




The current from the short-circuited generator passes along the leads (1) 
and through the coil (2) in which the magnetic field is produced, the strength 
of the current being measured by means of the shunted oscillograph (3). 
A spark is produced by the discharge of two condensers (4), each of capacity 
(H/iF, charged to a potential of 30,000 V through a kenotron and a water 
resistance from the transformer (5); the condensers are discharged at the 
required moment by means of an oil switch (6), which is provided with an 
electromagnetic release mechanism (7). The discharge takes place through 
an iron-free transformer (8) whose secondary is connected in series with the 
spark gap, which is situated at the centre of the coil (2). In this circuit is 
inoluded also a resistance (9) and a transformer (10), whose secondary is 
connected directly to the other coil of the oscillograph (11), which marks 
the time of passage of the current of the spark on the same photographic 
plate (12) on which is recorded the current passing through the coil (2). 
The spectrum is produoed by means of a Hilger E 1 quartz spectrograph (13) 
(some of the spectra, for instance fig. 4 a (Plate 1), were, however, produoed 
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with a spectrograph with glass optical parts, made by the State Optical 
Institute). 

The transformer ( 8 ) consists of a primary of 320 turns, wound on a glass 
cylinder of diameter 270 mm., and a secondary of 50 turns also wound on 
a glass cylinder, with oil insulation. The use of this transformer is to regulate 
the voltage of the spark, which was chosen to be lower than that of the 
condenser; with this arrangement no high tension has to be introduced into 
the centre of the coil. By means of the resistance (9) the current strength 
in the spark can be adjusted, which is very important since the current 
has a strong influence on the breadth of the spectral lines produced. 

The whole arrangement works in the following way. The condensers 
are first charged, and then when the generator is short circuited through the 
coil by pressing a button (for the detailed description of this mechanism 
see Kapitza 1927 ), current is passed from sliding contacts connected with 
the special switch of the big generator, through the release mechanism (7), 
thus bringing the oil switch into action. The contacts are so arranged as to 
synchronize the action of the release mechanism with that of the big 
generator, so that the spark is produced at the moment at which the current 
through the coil has its maximum value. This synchronization is checked 
by the oscillogram produced on the photographic plate ( 12 ); a typical oscillo¬ 
gram is shown in fig, 2 (Plate 1 ). 



Fig. 3. The discharge tube. 


The arrangement of the spark gap is shown in fig. 3 . It consists of a glass 
tube ( 1 ) which is inserted into the hollow of the coil ( 2 ) (shown schematically 
here). In some of the experiments the diameter of this tube was 10 mm. 
and in the others 12 mm., according to the size of the hollow of the coil 
used in the particular experiment. The spark takes place between the 
electrodes (3) and (4), one of which (4) is insulated from the other by a 
quartz tube which surrounds it. This whole system can be evacuated, and 
usually the spark is produced at a pressure of 1 mm. Hg. A small window ( 6 ) 
of fused quartz is placed in front of the spark gap to limit the spreading of 
the spark along the axis of the coil. 
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3. MEASUREMENT OF THE MAGNETIC FIELD 

The magnetic field was measured by the same method as used in the 
previous research (Kapitza 1927 ). The coil ( 2 ) was calibrated by placing 
inside it an accurately measured search coil, which was connected by means 
of a specially synchronized switch to a ballistic galvanometer at the 
moment of maximum current in the coil ( 2 ). By comparing the throw of 
the galvanometer with that produced by a standard mutual inductance, 
the strength of the magnetic field was determined; the current in the coil 
was deduced from an oscillogram, and so the constant of the coil ( 2 ) could 
be determined. Since the coil ( 2 ) is surrounded by a steel bandage in order 
to strengthen it, the magnetic field is not strictly proportional to the current 
in the coil, the deviation from proportionality being of the order of a few 
per cent. The calibration was therefore carried out for several different 
current strengths, and from the results the curve showing the relation 
between magnetic field and current was constructed. The oscillograms were 
measured after a fivefold magnification, produced by means of a special 
pantograph, one end of which was automatically guided along the curve of 
the oscillogram with the help of a photoelectric cell.* We estimate the 
accuracy of measurement of the magnetic field in the coil as from 1 to 

4%. ' 

In fig. 2 (Plate 1 ) we reproduce one of the oscillograms of the current 
in the coil ( 2 ), from which the values of the magnetic field at the moment 
of the beginning and end of the spark, as indicated by the other oscillograph, 
could be deduced. It can be seen from the oscillogram that the time occupied 
by the spark is 0*001 sec., and in this time the current through the coil did 
not generally change by more than %• 

The inhomogeneity of the field in the volume in which the discharge 
occurs was also studied, the search coil being placed at various points along 
the axis of the coil. It was found that in the space between the spark gap (3) 
and the quartz window ( 6 ) (fig. 3) the field did not vary by more than 
!%• 

The spectra were investigated in fields from 60,000 to 320,000 gauss. 

4. Production of the spark and measurement of the 

SPECTRAL LINES 

The precision of the results of our research depends to a large extent 
on the possibility of producing sharp narrow spectral lines, and as in the 

* A detailed account of this pantograph, constructed by P. Kapitza and E. 
Laurman, is to be published shortly. 
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* 

previous work (Kapitza and Skinner 1925 ), we found that the most suitable 
method was to use the required elements not in their pure form but as 
impurities in some other material. Thus in our experiments the main 
substance of the electrodes was either copper or tungsten. 

The breadth of the spectral lines was found to be extremely sensitive to 
the experimental conditions, a minute change of the latter being sufficient 
to spoil the quality of the lines quite appreciably. 

An improvement in the sharpness of the lines obtained, as compared with 
the earlier experiments, was brought about by the larger available volume 
in which the spark was produced; in the previous experiments the coil 
diameter was only 0*4 cm., while now it was nearly three times greater. 
The main factor, however, in determining the sharpness of the lines was 
the current density: by suitable choice of the resistance (9) (fig. 1), the line 
could be considerably sharpened. Evacuation of the tube diminished the 
rise of pressure during the time of the discharge, and thus also increased the 
sharpness of the line. 

In fig. 4 (Plate 1 ) we show, for comparison, photographs of the zinc 
triplet (4680, 4722 and 4811 A), the first of which was taken at the beginning 
of the research before the various measures described above had been taken, 
and the others after the experimental technique had been improved. 

The breadth also depends appreciably on the strength of the magnetic 
field itself, apparently because the character of the spark is changed by the 
presence of the magnetic field. In a magnetic field, the ions of the evaporated 
metal can depart from the electrodes only along screw-like trajectories of 
very small diameter round the lines of forces of the field, and consequently 
their concentration is greatly increased . Tn this connexion it is interesting 
to mention that after each discharge a well-blackened spot was noticed in 
the centre of the window ( 6 ) (fig. 3) just opposite the electrode; the formation 
of this spot was presumably due to the ions moving along the lines of forces 
settling on the quartz. After each experiment it was necessary to use a 
new quartz window. In a magnetic field the relative intensities of the 
various spectral lines were also strongly affected, especially the lines of 
impurities in the main metal of the electrode; the lines of some impurities, 
hardly noticeable without a magnetic field, sometimes became even more 
intense in a magnetic field than the lines of the main metal. This is illustrated 
by fig. 5 (Plate 2 ), where the spectra taken without a field, and in a field 
of 320,000 gauss, are superimposed on the same plate, and it will be seen 
for instance that the lines of the doublet Ca 2 S~ 2 P, which in the absence of 
a field do not appear on the plate, have a considerable intensity in the 
field. 
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The spectra of each electrode used were generally taken at various fields 
up to 300,000 gauss, and there was a large number of lines which had to be 
measured on each plate. It turned out that the best method of measuring 
up the plates was by means of a travelling microscope, this method giving 
an accuracy exceeding 0*01 mm. The measuring technique was improved 
by the application of Linnik’s vibrating objective method (Linnik 1931 ), 
which increases the accuracy by w eakening the influence of the grain of the 
photographic plate. Any possible lateral displacement of the objective by 
the vibrations was excluded by suspending it on bronze strips which were 
vibrated electromagnetically. We also tried using a microphotometer but, 
in spite of the longer time required and the more tedious nature of the 
measurements, no increase in accuracy was obtained. In order to translate 
the microscope measurements of the splittings into wave-lengths the plate 
was calibrated, using for the greater part the lines investigated themselves 
as standards. Since linear interpolation over 30-40 A would have given an 
error of order 1*5 %, we introduced a dispersion correction, differentiating 
the dispersion formula for quartz 


n l = + 


■Mi 

A 2 -Af 




A|- 


A 2 ’ 


(1) 


with the following values of the constants: 

a = 3-4629 Af = 0-010627 

Afj = 0-010654 Af = 100-77 

M 2 m 111-47 


The accuracy of our determinations of the Zeeman splitting varied from 
1 to 3 % according to the breadth of the line and the strength of the magnetic 
field. 


5. Verification of the proportionality of the Zeeman splitting 

TO THE MAGNETIC FIELD 

First of all we investigated the zinc line 2 3 P 0 -2 3 S 1 , A = 4680-20 A, which 
in the previous research had not shown strict proportionality between split¬ 
ting and field. Using stronger magnetic fields, we discovered at once that 
the apparent inorease of splitting in the previous experiments was caused 
by a neighbouring line, apparently a *F 3 -c*D a of copper, A® 4674-76 A. In 
the photographs without a field this line was absent, and because observable 
in the photographs with a field on account of the change in the conditions 
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of discharge. Even in a field this line was very weak, but its splitting, 
superimposed on one of the components of A = 4680 A, displaced the corre¬ 
sponding position of maximum blackening on the plate, and caused an 
apparent increase of the splitting. The use of stronger fields definitely 
established the accidental character of the discrepancy; in fig. 4 (Plate 1) 
can be seen the superposition of the splitting of the zinc and copper lines 
in a field of 126,000 gauss. 

By a suitable choice of the spark conditions we were subsequently able 
to eliminate the disturbing line. In fig. 4 h (Plate 1) we show the splitting 
of the triplet in a field of 275,000 gauss; as can be seen from Tables I, II and 
VI, the 4680 zinc line is split proportionally to the field up to 275,000 gauss 
within the limits of experimental error. 

The proportionality of the splitting and the field was verified also on a 
number of other lines; a summary of the results is given in Tables I-VII. 
We tried to investigate as large as possible a variety of spectral terms, but 
were limited by the optical aperture of the spectrograph and the sensitivity 
of the plates. High terms, having a complicated splitting, could not be 
sufficiently accurately studied, owing to the limited resolving power of the 
spectrograph, so we had to confine ourselves to the first lines of the principal 
and sharj) series. Each of the tables refers to a separate photograph, and 
we have chosen seven of the most characteristic. From the experimental 
splitting (AA) the magnetic field was deduced in each case by means of the 
theoretical formula 

.dA = A(mg) f ~ A 2 = 4-69 x 10~*A 2 , in A, 
cn 

where A (mg) is the difference of the mg values for the levels which give rise 
to the displaced component, and is known as the splitting type. It will be 
seen that the magnetic field deduced in this way agrees fairly well with the 
field deduced from the oscillogram, so that the theory, and in particular 
the law of proportionality to the magnetic field, is confirmed up to the 
strongest field we were able to use. 

It will be noticed on more detailed examination of the tables that the 
splitting of the lines is systematically slightly less than could be expected 
from the accuracy of measurement of the magnetic field: thus the magnetic 
field deduced from the splitting is usually 2-3 % less than that deduced from 
the oscillograms. Probably the discrepancy is due to the fact that all the 
experimental errors tend to diminish the measured splitting below its 
true value. Firstly, each of the components has a diffuse tail, which, super¬ 
imposed on the corresponding opposite component, slightly displaces the 
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position of maximum blackening towards the centre; this error, however, 
is not large. A more serious error is caused by the fact that the spark in 
our discharge tube is limited only in the forward direction. Part of the 
excited atoms falling into the back part of the tube, farthest removed from 
the window, may radiate already in a region of weaker magnetic fields. The 
radiation of these atoms, though weak in intensity, causes a spreading of 
the split lines towards the centre of the pattern and thus causes an apparent 
reduction of the splitting. 

Since various atoms will be distributed with varying concentration in 
the discharge gap of our tube, according to their ionizations, quantities and 
temperatures, the apparent diminution of the splitting should be different 
for the various spectral lines, and this can also be seen from the tables. 

It should be noticed that in the doublets and triplets investigated the 
Paschen-Back effect is still of negligible influence, causing departure from 
proportionality much less than the errors of measurement. 

In this way we can conclude from our experiments that the fundamental 
laws of the Zeeman splitting are perfectly valid for the spectral terms 
investigated in magnetic fields up to 320,000 gauss. 

Further, we investigated whether there was any displacement of the 
centre of gravity of the splitting pattern in a strong magnetic field, by 
superimposing on the same plate exposures in the absence of a field and in 
a field of 320,000gauss. The results of such double exposuresare shown in fig. 5 
(Plate 2); it will be seen that the split lines lie exactly symmetrically about 
the line obtained in the absence of a field. Accurate measurements showed 
that there was no common displacement greater than 0*01 mm., so that 
our experiments confirm that the centre of gravity of the pattern is not 
displaced by a strong magnetic field, in accordance with theory. 


0. The Paschen-Back effect 

In order to trace the development of the Paschen-Back effect and to 
verify the theory of this effect* we examined the beryllium doublet, Be ii, 
principal series A = 3131*32 and 3131*97 A. In our magnetic fields the 
splitting of this line was as great as 5*5 A, which considerably exceeds the 
natural splitting of the level (0*65 A), so that the conditions were suitable 
for the occurrence of the Paschen-Back effect. 

Th is doublet was easily obtained by using electrodes of ordinary beryllium 
copper. The exposures were made at various field strengths and are repro- 

* For theory and experiments see for instance Bethe (1933)* 
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dueed in fig. 6 (Plato 2). Since the doublet ocoutb close to the already 
investigated copper doublet, we could check the magnetic field by the 
splitting of the oopper fines whioh are adjacent to the beryllium lines. 

We were able to trace clearly all the stages of the development of the 
Paschen-Back effect. The splitting of the beryllium doublet can be calcu¬ 
lated exactly; for the energies of the longitudinal components we have: 

„ A \ 

±/iH+ —, 

+ '2 ~ * f W 

3 pH ± -1 pH A + A i ) 

~~ ------ 


wliere A is energy difference between the doublet levels in the absence of 
a field. The intensities of these components are respectively given by 


I 

4 


/ 

2 ’ 

rj A "1 

. ± 7S>5>Tp7 JT¥)y 


I 

4 


pH- 


1 + 


A 

'3 


<J(p*H* + §/iHA+A*)\ 


j 


(3) 


where I is the intensity of the weaker component of the doublet. 

The splittings in wave-lengths calculated from these formulae are plotted 
against the magnetic fields in fig. 7 (full curve). In reducing the plates of 
the Paschen-Back effect obtained experimentally, we generally determined 
only the difference of wave-lengths between the components, the results 
being plotted in fig. 7 in such a way that the points departed approximately 
equally from the theoretical curves. In one case (261,900 gauss), however, 
the wave-lengths of all the components of the splitting were directly deter¬ 
mined by comparison with the lines of Be n doublet without field (super¬ 
imposed on the same plate); the results of this measurement are indicated by 
full black circles. 

As can be seen from fig, 7, the discrepancy between our experimental 
results and the theory is well within the limits of experimental error, so 
that we can conclude that the theoretical formulae correctly desoribe the 
phenomenon up to the highest magnetic field used in our experiments. 
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The asymmetry predicted by the formula can, in fact, even be seen visually; 
thus for the largest splitting on the photograph (fig. 5, Plate 2), it can be 
seen that the right-hand pair of more intense lines is slightly less split than 
the left-hand pair, which coresponds to the theoretical prediction, as is 
evident from the diagram (fig. 7). 


3128 A 3129 3130 3131 3132 3133 3B4 3135 



Fig. 7 . Dependence of splitting of the Be n doublet on field strength: the full lines 
are the theoretical curves, and the circles experimental points. 


We were not able to carry out a thorough investigation of the intensities 
of the components, but made microphotometric intensity curves which are 
compared in fig. 8 , with the theoretically predicted intensity relations. 
Although only qualitative comparison is possible, it can be seen that the 
experimental results are in agreement with the theoretical predictions. 
The intensity of the extreme components rapidly diminishes with increase 
of magnetic field, while the inner components approach equal intensities, 
the ratio of intensities of the components of the original doublet being 1 : 2 , 
as can be seen from the microphotometer curve. The theoretical value of 
the intensity ratio of the central components to the weaker extreme com¬ 
ponents is 20 : 1 , and if the blackening of the plate is taken as a measure 
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Fig. 8. Comparison of microphotomoter intensity curves with the theoretically 
predicted intensities for the components of the split Be n doublets. 
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of intensity it will be seen that, allowing for the roughness of the method, 
the agreement of the experiment with theory is quite satisfactory. 

The initial stages of the Paschen-Back effect can be traced also with the 
zinc triplet 3 P- 3 S; in fig. 4 h (Plate 1) it can even be observed visually that the 
line 4722 A of the triplet is not symmetrically split, the separation between 
the longer wave-length components being greater than between the shorter 
wave-length components. Measurement showed that these separations 
were 1*5 and 1*3 A respectively, which agree very well with an approximate 
calculation, kindly made by Dr L. D. Landau, predicting separations 1*55 


and 1*31 A for the particular magnetic field used. 





Table I 




Description 

Wave- 

Type 

Amount of 

Field deduced from 

of spectral 

length 

of 

splitting 

splitting, in kilogauss 

lines 

A 

splitting 

A 





' 


Si (?) 

3905*52 

i/i (?) 

2*69 

— 

187*6 

Ca ii 

3933*66 

5/3 

3/3 

4*50 

2*62 

185*7 

180*5 

183*1 

Ca u 2 8- a P 

3968-46 

4/3 

3-70 

— 

187*8 

Zn i »P-».S 

4680*20 

4/2 

7*53 

— 

183*2 



Field deduced from oscillogram 186*8-189*1 



Table II 




Description 

Wave- 

Type 

Amount of 

Field deduced from 

of spectral 

long tli 

of 

splitting 

splitting, in kilogauss 

lines 

A 

splitting 

A 







Si (?) 

3906-62 

i/i <?) 

3-98 

— 

277*8 

Cft II J S- a P 

3933*66 

6/3 

3/3 

6-72 

3*96 

277*7 

272*3 

275*0 

On ii ! S -*P 

3968*46 

4/3 

5*44 


275*8 

Zn i s P- 3 8 

4680*20 

4/2 

11*27 

----- 

274*2 

Zn 1 3 P- 3 S 

4722*16 

4/2 

3/2 

11-53 

8-46 

275*3 

269*6 

275*5 



Field deduced 

from oscillogram 278*0- 

-279*6 



Table III 




Dosoription 

Wave 

Type 

Amount of 

Field deduced from 

of spectral 

length 

of 

splitting 

splitting, in kilogauss 

lines 

A 

splitting 

A 







Si (?) 

3905*52 

i/i (?) 

3*89 

— 

272*0 

Ca n *S • < P 

3933*66 

6/3 

3/3 

6*68 

3*83 

276-0 

263-4 

269*7 

Ca ii >8--*P 

3068*46 

4/3 

5*34 

- - 

271*0 

Ca i »8-‘P 

4226*73 

1/1 

4*51 


269*1 

Cd i *P-*S 

4678*19 

4/2 

11*25 


270-6 


Field deduced from oscillogram 266*3-275-2 
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Table IV 


Description 

Wave¬ 

Typo 

Amount of 

Field deduoed from 

of spectral 

length 

of 

splitting 

splitting, in kilogauss 

lines 

A 

splitting 

A 



Cu i a S-*P 

3247*55 

5/3 

4*34 

263*0 

264*2 



3/3 

2*63 

265*4 


Cu i *S 2 F 

3273*97 

4/3 

3*59 

— 

267*6 

Si (?) 

3906*52 

1/1 (?) 

3*78 

— 

264*0 

Ca ii *S- 2 P 

3933*66 

6/3 

6*35 

262*3 

262*8 



3/3 

3*82 

263*2 


Ca ii *S-*P 

3968*46 

4/3 

5*21 


264*2 

Hg i *P-*S 

4046*56 

4/2 

8*06 

— 

262*2 


Field deduced from oscillogram 273*4—275*9 


Table V 


Description 

VV r ave- 

Type 

Amount of 

Field deduced from 

of spectral 

length 

of 

splitting 

splitting, 

iu kilogauss 

lines 

A 

splitting 

A 


j 





Cu j 2 S~ *.P 

3247*55 

6/3 

3/3 

4*51 

2*77 

273*3 

278*7 

276*0 

Cu i *S~*P 

3273*97 

4/3 

3 70 

— 

275*6 

Si (?) 

3905*52 

1/1 (?) 

3*89 


272*3 

Ca ii *S-»P 

3933*66 

6/3 

3/3 

6*62 

3-98 

273*7 

274*1 

273*9 

Ca n ’S- 1 !’ 

3968*46 

4/3 

5*41 

— 

274*3 

Hg l 3 P- 3 S 

4046-56 

4/2 

8*42 

— 

274*0 

Hg i »P->8 

4077*83 

3/2 

6*37 

-- 

272*1 


Field deduced from oscillogram 275-2 270-!) 


Table VI 


Description 

Wave- 

Type 

Amount of 

Field deduced from 

of spectral 

length 

of 

splitting 

splitting, in kilogauss 

lines 

A 

splitting 

A 





r 


Cu I a S- 2 P 

3247*55 

6/3 

3/3 

4*38 

2*62 

265*2 

265*1 

266-2 

Cu x 2 P 

3273*97 

4/3 

3-69 


267-6 

Ca u *S~»P 

3933-66 

6/3 

3/3 

6*42 

3*88 

265*0 

267*0 

266-0 

Ca ii a S~*P 

3968-46 

4/3 

5*27 

— 

267-6 

Hg i *P - 3 B 

4046-66 

4/2 

8*21 


267-1 

Hg 1 3 P-*S 

4077-83 

3/2 

6*23 

— 

266-0 

Zn 1 3 P- a S 

4680-20 

4/2 

10*97 

— 

266-8 

Zn i *P-*S 

4722-16 

4/2 

3/2 

11*17 

8*43 

268*8 

268*6 

268-7 


Field deduoed from oscillogram 274-4-276-3 
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Table VII 


Description 

Wave¬ 

Type 

Amount of 

Field deduced from 

of spectral 

length 

of 

splitting 

splitting, 

in kilogauss 

lines 

A 

splitting 

A 

/- 

- 

Cu i *S-*P 

3247*55 

5/3 

5*27 

319*1 

320*3 



3/3 

3-18 

321*5 


Cu 1 2 S - 2 P 

3273*97 

4/3 

4*30 


320*2 

Si (?) 

3905*52 

1/1 (?) 

4*61 

— 

322*3 

Ca n *S~ 2 P 

3933*66 

5/3 

7*73 

325*2 

322*3 



3/3 

4*72 

319*3 


Ca n *S - 2 P 

3968*46 

4/3 

6*35 

— 

322*2 

Hg i 

4046*56 

4/2 

9*87 

— 

321*1 

Hg i "P~>S 

4077-83 

3/2 

7-39 

— 

315*9 


Field deduced from oscillogram 319*6-323*8 


Table VIII 

Difference: measured 

Measured wave-length Calculated wave-length minus calculated 
of the component of the component wavo-length 

A A A 

3134*05 3134*04 +001 

3132*90 3132-88 +002 

3132-49 3132-53 -0*04 

3130-61 3130*61 0-00 

3130-06 3130*12 -0-06 

3129-00 3129*07 -0*07 

Summary 

1 . A method is described for studying the Zeeman and Paschen-Back 
effects in magnetic fields up to 320,000 gauss. 

2 . It is shown that the Zeeman splitting is within the limits of experi¬ 
mental error proportional to the magnetic field and obeys the theoretical 
predictions previously verified only in weaker fields. 

3. In strong magnetic fields we were unable to discover any displacement 
of the centre of gravity of the splitting pattern, which again is in agreement 
with the theoretical prediction. 

4. The Pasohen-Baok effect was studied in fields up to 300,000 gauss on 
a beryllium doublet, and it was shown that the splitting accurately followed 
the theoretical predictions, and that the intensities of the various com¬ 
ponents agreed qualitatively with the theory. 

5. The initial stages of the Paschen-Back effect were also observed for a 
zinc triplet ®P-*S. 








Kapilza and other# 
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Description of plates 
Plate 1 

Fro. 2 . Oscillogram showing (I) current in the coil, and ( 2 ) current in the spark. 

Fiu. 4. Splitting of the zinc triplet a P 3 S: (a) at 120 kilogauss with badly chosen 
current density, ( 6 ) at 275 kilogauss with improved spark conditions. 

Plate 2 

Flu. 5. Superimposed spectra with field of 320 kilogauss and without field. 

Flu. 6 . Paschen-Back effect for the beryllium doublet 2 S- 2 P. On the left is shown 
the splitting of the doublet in increasing fields (a)0, ( b ) 74*3, (c) 168*4, (d) 241*8, 
(e) 307-0 kilogauss; on the right the splitting of the copper doublet 3248, 3274A 
for the same fields. 


The primary decomposition of ethane, and the 
reaction between ethane and nitric oxide 

By T. J. Gray, Morris W. Travers, F.R.S., and F. T. White 
(Received 14 January 1938) 

In a recent paper published in this journal, Staveley (1937) has shown 
that the effect of adding nitric oxide to ethane is to reduce the rate of 
increase in pressure when the gas is heated at constant volume in the 
neighbourhood of 600°. Assuming that the nitric oxide remains sensibly 
unchanged, he concludes that the effect of the addition of this gas is to 
inhibit the primary decomposition of the ethane, and explains this on the 
supposition that the nitric oxide removes free radicals, which initiate 
reaction chains. In the present paper we shall show that some important 
facts have been overlooked, and particularly that nitric oxide itself reacts 
with ethane at a rate which is comparable with that of the primary 
decomposition process. 
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Experimental work 

The method which we have used is substantially the same as we have 
employed in this laboratory in a number of other investigations, and has 
been referred to as the method of detailed analyses. It is admittedly laborious, 
and for this reason we have only been able to carry out a single series of 
experiments, in which the initial concentration of the ethane was 0*01 g.rnoh- 
litre, and that of the nitric oxide one-tenth of this amount. The temperature 
at which the experiments were carried out was 590°. Two silica reaction 
tubes of capacity close to 59 c.c. were used, and each of these cracked on 
chilling after it had been used for about twenty experiments. 

An accurately measured quantity of the gas was condensed in a reaction 
tube, which was then sealed. Ethane, having a negligibly small vapour 
pressure at - 180°, could be condensed completely, but using a mixture of 
ethane and nitric oxide, a small quantity of gas remained in the dead space 
of the filling apparatus, and this was collected, analysed, and allowed for. 
After heating the reaction tube for varying periods up to 20 min., it was 
chilled, and fractions of the gas were taken off at —180° and —80°, a 
method of refractionation being used so as to secure the practically com¬ 
plete separation of the low- and high-boiling constituents. 

In the case of the experiments with pure ethane, the -180° fraction 
contained hydrogen, which was estimated by combustion over copper 
oxide at 290°, small quantities of methane, estimated by combustion at 
600°, and nitrogen accumulated in the course of the processes of manipula¬ 
tion. The — 80° fraction contained ethane and ethylene. The latter was 
difficult to estimate accurately as the difference between two relatively 
large quantities. However, the results of the first four experiments with 
pure ethane show that the hydrogen and ethylene are formed in quantities 
which (g.mol.-litre/min.) are closely equivalent, thus: 


Table I 


Time 

interval 

C a H 4 

H# 

10 

0-00024 

0*00023 

15 

000032 

0-00032 

5 

0-00017 

0*00013 

20 

0-00058 

0-00053 


The rate of primary decomposition of the ethane can be determined with 
the same accuracy from the increase in volume, taken as the sum of the 
volumes of the two fractions, as from the quantity of hydrogen formed, the 
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quantity of methane and of condensate formed being too small to measure. 
These quantities are plotted in fig. 1 . 



Fio. 1. Ethane experiments: Hydrogen ®, increase in volume x. 

The quantities of methane and nitrogen (total in two fractions) found in 
the - 180° fraction were: 

Table II 

(G.mol.-litre x 10*, min.) 







Tube 1 








Time 


10 

16 

5 


23 





N t 


5 

10 

5 


7 





ch 4 


24 

12 

12 


11 








Tube 2 






Time 

10 

5 

12 * 

10 

7| 5 

15 

20 

10 

5 

124 

N, 

4 

5 

3 

5 

3 4 

4 

5 

5 

1 

5 

CH« 

8 

20 

11 

15 

11 9 

10 

12 

9 

12 



It is obvious that the methane is formed mainly in the first few moments of 
the reaction, and its formation is probably a surface phenomenon, and not 
the result of the homogeneous reaction of ethano and ethylene (Travers 
1937 a). The two tubes did not behave very differently so far as the forma¬ 
tion of methane is concerned, but in the case of the second tube the forma¬ 
tion of hydrogen, and the increase in volume, was delayed initially. This 
was confirmed by repeated experiments carried out at the 5 min. interval, 
the experiments being the second, sixth, and tenth in the series. Check 
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experiments showed that hydrogen could be introduced into a reaction 
tube under the conditions of the experiment, and recovered without loss. 
The nitrogen is the quantity accumulated in the two fractions in the 
manipulative process. Apart from one or two erratic results, the quantity 
is close to 0*00005 g.mol.-litre per fraction. We shall refer to this quantity 
later. 

In the experiments with ethane and nitric oxide the — 180 ° fraction 
contained \mreacted nitric oxide, hydrogen, and small quantities of carbon 
monoxide, methane, and nitrogen. The — 80 ° fraction contained a gas which 
was absorbed by bromine, and which was partly ethylene and partly a 
nitrogen-containing carbon compound, unchanged ethane, and a nitrogen- 
containing gas the nature of which will be discussed later. The sums of the 
volumes of the two fractions, for the intervals up to about 12*5 min,, did 
not differ sensibly from the volume of the original gas, 0*00110 g.mol.-litre, 
and then increased slowly (fig. 2 A). This fact does not necessarily imply that 
if the pressure change were observed at constant volume and at the reaction 
temperature, no change of pressure would be observed at first, since a little 
water, or carbon compound non-volatile at — 80 ° might have been formed. 
However, it offers a partial explanation of Staveley’s results (Staveley 1937), 
and, taken with facts to be presented later, shows that the nitric oxide and 
ethane react with decrease in volume. 



Flu. 2. NO experiments. A, change in volume; B, NO in gas. 

Tube 1, ®. Tube 2, x . 

The process of analysis of the fractions proceeded as follows. In the 
case of the - 180 ° fraction the operations were; 
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(а) Absorption of nitric oxide by chromous chloride (Gay and Travers 
1937 , p. 768). 

( б ) Oxidation of hydrogen and carbon monoxide by copper oxide at 
290°, observation of reduction in volume, and absorption by alkali. 

(c) Oxidation of methane by copper oxide at 600° and absorption by 
alkali. 

(d) Nitrogen by difference. 

In the case of the — 80° fraction the operations were: 

(a) Treatment with bromine, and observation of reduction in volume. 

( b) Oxidation by copper oxide at 600°, and absorption by alkali. 

(c) Nitrogen by difference. 

The amounts of nitric oxide remaining are set down in Table III and 
are shown by the graph in fig. 2 B. Fig. 3 shows the quantities of hydrogen 
produced. The quantities of carbon monoxide and methane are also given 
together in Table III. They are small, and show no tendency to increase 
regularly. These gases are probably the products of reactions taking place 
at the surface during the first short time interval. 



Fig. 3. Hydrogen in NO experiments. Tube 1, ®; Tube 2, x . 

The amounts of nitrogen present in the —180° fractions, less 0-00005 
g.mol.-litre, the quantity which, as the ethane experiments show, may 
accumulate in one fraction in the process of analysis, increase fairly 
regularly with time (Table III, fig. 4). These quantities represent nitric 
oxide, or some product of its reaction with ethane, reduced to nitrogen. 
The quantities of gas absorbed by bromine, and the residues from the 
— 80° fraction, the latter less 0*00005 g.mol.-litre, are also set down in 
Table III. The latter are irregular, and the quantities show no relation to 
the time interval. It was thought that they might represent quantities 
of nitrous oxide. However, it is probable that the nitrogen is derived from 
some carbon-nitrogen compound, which is incompletely removed by the 
bromine. The sum of the quantities of gas absorbed by bromine, plus twice 
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that of the nitrogen in the -80° fraction (less 0-00005 g.mol.-litre)] are 
plotted against the time in Gg. 4. This graph shows the rate of increase in 
the ethylene and nitrogen-containing compound, formed by the reaction 
of nitric oxide and ethane, and also possibly ethylene oxide or a peroxide. 
It shows that some change is proceeding with accelerated velocity. 


(a) Time 

10 

Table III 

(G.mol.-litre x 10 s ) 
Tube 1 

5 15 20 


20 

15 

17*6 

7*5 

(b) NO 

50 

65 

54 57 


51 

62 

67 

00 

(c) CH 4 + CO 

— 

11 

— 21 


10 

8 

24 

15 

(d) N„ - 180° fr.* 

— 

2 

10 10 


17 

12 

11 

4 

(e) Absorbed Br 

29 

14 

32 83 


80 

34 

48 

31 

(/) N„ — 80" fr.* 

6 

10 

8 3 


8 

3 

11 

13 

(a) Time 

10 5 

7*6 

Tube 2 

12-5 10 

875 

11*25 

15 20 

16*25 

(ft) NO 

06 80 

70 

02 07 

70 


— 

50 57 

60 

(c) CH. + CO 

17 10 

13 

12 7 

11 


11 

11 20 

15 

(d) N„ - 180° fr.* 

3 3 

3 

7 1 

3 


0 

12 13 

13 

(e) Absorbed Br 

8 

17 

37 10 

— 


— 

— 95 

43 

(/) N„ — 80" fr.* 

— 3 

1 

5 2 



— 

— 8 

1 


* Observed values less 0'00005 g.mol.-litre. 



Minutes 

Fig. 4. NO experiments: N, in — 180° fraction less 0*00005 g.mols-litro. 

Tube I, ®; Tube 2, x . 

The disappearance of the ethane (fig. 6) is at first rapid, then slow, and 
then again rapid. 

Discussion of the experimental results 

A difficulty in the way of the quantitative treatment of this problem is 
the fact that surface is not without influence on the primary decomposition 
of ethane, and the effects observed are particularly marked in the early 
stages of the process, which is the region in which the results of sueh 




G.mols. -litre G.mols.-litre x 10* 
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Flu. 5. NO experiments, gas absorbed by bromine. Tube 1, ©; Tube 2, x . 


0-010 


0-009 

0-008 

0 S 10 15 20 

Minutes 

Fig. 6. NO experiments, CjHj in gas. Tube 1, ©; Tube 2, x . 
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Fig, 7. Value of [0*001—NO in gas + 2(N t in — 380 o Fraction —0*00005)] 
as NO. Tube 1, ©; Tube 2, x . 
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investigation are of particular interest. Though Staveley ( 1937 ) found the 
effect to be small, Travers and Pearce ( 1934 , p* 532) found it to be con¬ 
siderable, and the present investigation confirms their conclusion. It may 
be observed that it is frequently stated in the literature that Marek and 
McCluer ( 1931 ) proved that the reaction is homogeneous. They did not do 
so, but accepted the statement of Frey and Smith ( 1928 ) that a copper 
surface had little influence on the process between 200 and 400°, and 
assumed that it would be without influence at 600°. An attempt to deter¬ 
mine the rate of the primary process in silica apparatus at temperatures 
near to 600° in this laboratory was abandoned on account of the difficulties 
associated with surface effects. 

The first conclusion arrived at from these experiments is that while the 
rate of the primary decomposition of ethane is reduced by addition of 
nitric oxide, that gas enters into rapid reaction with ethane. As the primary 
decomposition process still proceeds to some extent, the reaction between 
ethane and nitric oxide must take place with diminution of volume. From 
the outset some nitrogen (appearing in the — 180° fraction) is formed 
(fig. 4), so that the quantity of the nitrogen-carbon compound present at 
any moment in the gas phase, estimated as NO, is given by [0*001—NO in 
gas -f 2 (N 2 in - 180° fraction - 0*00005)] in g.mol.-litre. The concentration 
appears to increase to a maximum at 12*5 min., and then to diminish 
(fig. 7). This diminution of the concentration of the nitrogen-carbon com¬ 
pound, which indicates an acceleration of the rate at which it disappears, 
is accompanied by marked acceleration of one of the processes which give 
rise to the products which are absorbed by bromine. 

If the formation of hydrogen from the nitric oxide-ethane mixture 
represents the primary decomposition of ethane, direct inspection of the 
graphs shows that the initial rate of this process, and the initial rate of 
disappearance of nitric oxide, together represent a rate of chemical change 
not far different from the initial rate of the primary decomposition of the 
ethane in absence of nitric oxide. However, while the rate of formation of 
hydrogen remains sensibly constant (fig. 3), the rate of disappearance of 
nitric oxide diminishes (fig. 2 B), and the concentration of the carbon- 
nitrogen compound reaches a maximum, and then diminishes, while the 
rate of formation of the constituents absorbed by bromine tends, ultimately, 
to accelerate very rapidly, indicating that a third process is developing. 
This is probably initiated by the interaction of ethane, either with the 
carbon-nitrogen compound, or with some oxy-compound derived from it, 
and gives rise to ethylene. 

It was not expected that the rate of disappearance of nitric oxide would 
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bear any simple relationship to the concentration of the nitric oxide, alone 
or in association with that of the ethane. The following figures co nfir m this. 

Table IV 


G.mol.-litre x 10 4 , min, 


Time 

0 


5 


10 


15 


20 

c s h 8 

1000 


950 


940 


920 


880 

NO 

100 


78 


65 


60 


57 

A NO 


22 


13 


5 


3 


K birnol. 


5*2 


3*85 


1*7 


1*45 


K unimol. 


0 0495 


00365 


0*0160 


0*0105 



The theory of free radicals offers no explanation of the phenomena which 
we have described since they would have to be present in sufficient quantity 
to account for the rapid reaction between nitric oxide and ethane. 

The explanation which we put forward to account for the retardation 
of the primary decom position of ethane in association w ith the development 
of the reaction between ethane and nitric oxide is as follow-s. It is generally 
admitted that in certain cases, particularly those in which a unimolecular 
reaction requiring a high activation energy is proceeding, the Maxwell- 
Boltzmann energy distribution is not maintained, and the rate of the 
reaction may fall off owing to the concentration of hat molecules falling 
below the equilibrium concentration. In the case of the primary decomposi¬ 
tion of ethane, it is generally agreed that the process is unimolecular with 
an activation energy of about 75 kcal., so that this might be a case in 
which this particular condition obtained. The bimolecular reaction between 
ethane and nitric oxide certainly requires a lower activation energy, and 
tends, therefore, to depress the concentration of the hot ethane molecules 
capable of taking part in the changes involved in the primary decomposition 
process. 

It appears that the reaction involving the ethane and nitric oxide is 
itself slowed down owing to the operation of a tertiary process, which 
involves reaction of ethane with the product of the ethane-nitric oxide 
reaction. This compound is doubtless complex, and the tertiary change 
probably proceeds with lower activation energy than either the primary or 
secondary reaction, and though the latter is bimolecular, the slowing down 
of it is still due to further disturbance of the energy distribution amongst 
the ethane molecules. We may represent the three processes by: 

(1) (C S H*)', E x = 75 kcal.->C 2 H 4 + H 2 , 

- (2) (C a H<,)' + NO, £ 2 <A\~*(C.H.N.O compound), 

(3) (C a H fl )' + (C.H.N,0 compound) E s < I? 2 ~>C 2 H 4 -t- ? 
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One oan regard reaction ( 2 ) as being substituted for reaction ( 1 ), and 
reaction ( 3 ) as being substituted for reactions ( 1 ) and ( 2 ). 

Summary 

The thermal decomposition of pure ethane, and of a mixture of ethane 
and nitric oxide have been studied at 590° in silica apparatus by the method 
of detailed analyses. 

The observation of Staveley ( 1937 ) that the addition of nitric oxide to 
ethane reduces the rate of primary decomposition is confirmed. However, 
it is shown that a rapid reaction takes place between ethane and nitric 
oxide, without apparent increase in volume; w herefore the reaction could 
not have been detected by the pressure measurement method which 
Staveley employed. The product of the ethane-nitric oxide reaction at first 
inci'eases in concentration in the gas and then diminishes. It has not been 
isolated. 

The ethane-nitric oxide reaction itself slows down after an interval, but 
as it does so, a reaction which appears to involve ethane and the product 
of the ethane-nitric oxide reaction develops. One product of this reaction 
appears to be ethylene. 

The theory of free radicals cannot be used to explain the facts now put 
forward. 

It is suggested that the ethane-nitric oxide reaction operating with a 
lower activation energy than the primary decomposition process, removes 
hot molecules at a rate faster than they can be supplied to maintain the 
Maxwell-Boltzmann equilibrium. The result is that the former process is 
to a considerable extent substituted for the latter. The ethane-nitric oxide 
reaction in turn slows down at a rate faster than can be accounted for by 
the removal of ethane or nitric oxide. This is associated with the operation 
of a reaction between ethane and a product of the ethane-nitric oxide 
reaction at an activation energy still lower than the ethane-nitric oxide 
reaction itself. 
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A high-temperature Debye-Scherrer camera, and its 
application to the study of the lattice spacing 

of silver 

By William Hitme-Rothery, F.R.S., and Peter William Reynolds 
(Received 17 February 1938) 

Introduction 

A Debye-Scherrer camera capable of giving accurate results at high 
temperatures is of great value in metallurgical research work. In Part I 
of the present paper a camera is described which has been designed primarily 
for accurate measurements of lattice spacings at temperatures up to 
1000 ° C. In Part II results are given for the lattice spacing of silver at 
temperatures up to 943° C., and an equation is described which gives the 
coefficient of expansion of silver from the absolute zero to the melting- 
point. 


Part I 

In a previous publication (Hume-Rothery and Reynolds 1937 ) the 
authors have described the precautions which are necessary if the com¬ 
position of annealed filings is to be determined accurately, and in high- 
temperature work these difficulties are accentuated. At 1000 ° C. most 
metals are volatile to some extent in a vacuum, whilst many are appreciably 
volatile at atmospheric pressure. For precision work on alloys it is there¬ 
fore usually undesirable to use any type of camera in which a small 
quantity of filings is heated in a relatively large space, particularly if the 
design is such that distillation from a hot to a cold region can occur. In 
the present camera these difficulties are avoided by enclosing the filings 
in a very thin-walled silica capillary tube which may be sealed off in a 
vacuum, or with an inert gas at a suitable pressure. The preparation and 
handling of these thin tubes requires special methods which are described 
on p. 29. 

The camera 

Figs. 1 and 2 show the construction of the camera which is essentially 
of the type developed by Bradley and Jay ( 1932 ) with the addition of 
a central heating chamber. The camera was maohined from castings of 
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Admiralty bronze, and apart from the detachable cover C consists prin¬ 
cipally of three members, the upper and lower disks and the connecting 
central ring, which are securely dowelled and screwed together. The central 
ring member is formed of two rings AA\ machined in one piece with the 
connecting V-block V, which contains the internal collimating system 
formed by two tubes M y M i of 2 mm. internal diameter inserted tightly 
into the 3 mm. diameter hole in the V-block. The water channel DP in 
the upper disk is interrupted by a plate inserted at P, and the inlet and 
outlet water tubes pass from each side of this plate, down through the 
V-block to connexions underneath the camera. The lower water channel 
D x is closed by similar plates on each side of the V-block, and the inlet 
and outlet tubes from this system also pass to connexions below the 
camera. 

The film, covered with black paper, is located by means of the stud B> 
a small hole being punched in the film for this purpose. The film is held in 
close contact with the surfaces by means of rubber bands A", and the 
ends of the film are slipped under the retaining shield P f which ensures 
intimate contact between the film and the shadow knife edges. In order 
to protect the film from heat and light radiation from the furnaces, the 
width of the exposed portion is reduced to 5 mm., and a screening cylinder 
of thick black paper inserted as shown at E with its ends running into 
vertical slots in the V-block to prevent possible fogging near the knife 
edges. For temperatures below 600° C. this screen is sufficient, but at 
higher temperatures it is necessary to use a second screen of aluminium 
foil 0-0075 mm. thick inserted as shown at Al, and provided with holes 
for the entrance and exit of the X-ray beam. This very thin screen does 
not affect the intensities appreciably, but completely protects the film 
from damage by heat, and greatly improves the constancy of the tempera¬ 
ture in the furnaces (see p. 28). The camera is supported by insulated pins 
on a levelling stand which carries the external slit system consisting of 
a £ mm. vertical slit. 


Furnace design and temperature measurement 

The temperatures are measured by means of the specially designed 
thermocouple shown in fig. 1. This consists of a 3 mm. diameter platinum 
ring welded to 32 s.w.g. platinum and platinum 13 % rhodium wires 
passing down through quartz insulation in the sindanyo stem K to the 
cold junctions in ice. The sindanyo support is held by spring clips to the 
brass holder H, which slides freely in its housing, and thus permits the 
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temperature variation in the furnace gap to be measured; for convenience 
marks are made on the stem to indicate known positions of the thermo¬ 
couple. 

The furnace members L v L % are detachable, and may be removed without 
affecting the standard angle of the camera. It is essential to avoid any 
marked fluctuation of temperature across the gap between the two furnace 
members, and for this purpose bell-shaped furnaces of the type shown in 
fig. 1 are by far the most satisfactory. The heating elements consist of 
No. 26 s.w.g. Brightray wire closely wound on silica formers of the type 
shown, and held in place by a thin layer of alundum cement. The furnaces 
are fixed in the outer quartz tubes G, Q x by tightly packed lagging, and the 
whole is centred and secured by three screws in each of the brass guard 
rings F , F t which minimize the heating of the camera. The electrical circuit 
is made through the camera body, and the two insulated leads I v L z passing 
to insulated terminals on the camera base. The furnaces may be run in 
series or in parallel, and the best results were obtained by the series arrange¬ 
ment with an adjustable high resistance in parallel with the otherwise 
hotter furnace. In an experiment the temperature is measured at the 
mouth of each furnace by moving the thermocouple to the appropriate 
position, and the high resistance is then adjusted so that the two tempera¬ 
tures are equal. The thermocouple is then moved to the centre of the furnace 
gap, and the fall in temperature noted, giving the so-called “centre-point 
drop”. For bell-shaped furnaces with a 3 mm. gap, the maximum centre- 
point drop was only 2-7° C., and this was reduced to 0-7° C. by the insertion 
of the cylindrical aluminium screen. 

The temperature of the specimen was assumed to be that of the thermo¬ 
couple junction when the ring was in the middle of the furnace gap, and 
in view of the thinness of the thermocouple wires it is improbable that the 
temperatures of the specimen and thermocouple differed by more than 
1° C. During the X-ray exposure, the thermocouple was withdrawn to 
the edge of the furnace gap, out of the X-ray beam, and the temperature 
was controlled to within ±0*5°C. by hand adjustment of resistances. 
The mean temperature recorded during the exposure was determined, and 
when corrected for the centre-point drop gave the mean temperature of 
the specimen. 

The thermocouple was calibrated against a standard platinum-platinum 
rhodium thermocouple. For this purpose the two thermocouples were placed 
in adjacent holes in a solid cylinder of copper which was heated electrically 
by a nichrome winding, and thoroughly lagged in asbestos. The standard 
thermocouple was calibrated against the melting-points of silver (960-6), 
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silver-copper eutectic (778-8), aluminium (659), zinc (419), lead (327), 
and tin (232). 

Preparation and mounting of the specimen 

The filings for the specimen are contained in a short sealed capillary 
tube of silica, the wall thickness being from 0*007 to 0*02 mm. These 
capillaries are best prepared by blowing a small bulb in a clear quartz 
tube, heating the bulb to the softening point in an oxy-coal-gas flame, and 
rapidly extending the tube under slight internal air pressure. Using 
copper Ka radiation for the study of copper and silver alloys, it was found 
that capillaries with a wall thickness of 0*01 mm. produce only a very slight 
background on the film. The mounting of the specimen is shown in fig. 1. 
The capillary is first sealed to a thin silica rod, which serves as a convenient 
handle for subsequent operations and for holding it in the camera. The 
filings are then introduced to a depth of about 5 mm., after which a short 
silica plug is introduced. This plug enables the filings to be pressed into 
a compact specimen, and also prevents the existence of any considerable 
empty space in the specimen tube, so that volatilization errors on subse¬ 
quent heating are reduced to a minimum. The silica capillary is connected 
by a wax joint to a vacuum pump or gas system, and is sealed off by 
fusing the wall of the capillary to the top of the plug. Specimens of this 
type can safely be quenched in water. 

For insertion in the camera the specimen tube is pushed into the hole 
drilled in the rotating holder, and a small amount of plasticine placed 
round the rod, which secures it in position and enables it to be accurately 
centred by gentle manipulation from outside the camera. The rotating 
holder has a wide bearing flange to provide heat transfer to the cooled 
camera body, and is lubricated by vaseline or Apiezon “L ” grease according 
to the operating temperature. 



2o° e. 



Fia. 3. Debye-Soherrer films for silver using copper Kol radiation. 
The outermost line Is (511). 


The camera as described above has given satisfactory results with silver 
up to 943° C., and with copper alloys at temperatures up to 700° C. Fig. 3 
shows the critical ends of films for silver at room temperature and at 
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846° C. respectively using copper Kol radiation. At 943° C. the general 
scattering was relatively much more intense, but no difficulty was found 
in measuring the positions of the lines. For lattice-spacing work the best 
results are obtained by slight or considerable over exposure, followed by 
development, and later reduction with a reducing agent such as “Farmer’s 
solution”, which increases the contrast. Previous experiments, using 
Bradley and Jay’s ( 1932 ) cos 2 0 extrapolation method, have shown that 
the results are unaffected by the reduction process.* 

Part II 

The lattice spacing of pure silver 

The lattice spacing of silver has been measured at temperatures up to 
600° C. by Owen and Yates ( 1934 ) whose maximum temperature error 
above 500° C. was ± 10 <J C., the accuracy being subsequently increased. 
Measurements of the thermal expansion of bars of silver at temperatures 
up to 500° C. have been made by Scheel ( 1921 ). Accurate data at higher 
temperaturesf do not seem to be available, and in the present work we 
have succeeded in carrying the measurements up to 943° O. 

The silver used in the present work was chemically pure assay silver 
supplied by Messrs Johnson, Matthey and Co., Ltd. Clean filings were 
prepared by the methods previously described (Hume-Rothery and 
Reynolds 1937 ), and were sieved through 250-mesli copper gauze. After 
sealing in the evacuated specimen tube, the filings were annealed, and 
a Debye-Scherrer photograph was taken at 19-6° C. using copper radiation, 
with a nickel screen to eliminate the ft lines, the screen forming the window 
of the Metropolitan Vickers Demountable X-Ray Tube. This photograph 
was used to calibrate the camera, the value of the lattice spacing of silver 
being assumed to be 4*07750 A at 19*6°C. Previous experiments by different 
workers (see Hume-Rothery, Lewin and Reynolds 1936 ) have established 
this value to within 0*0001 A and as it was clearly desirable to standardize 
the camera with a specimen contained in a silica capillary, it appeared 
better to use silver than quartz for the calibration, since the silver gives 
much stronger diffraction lines. 

* Where accurate intensity measurements are required a comparison scale must 
be photographed on the same film, and developed and reduced under identical 
conditions. 

t Jay ( 1933 ) has also published Debye-Scherrer photographs of silver at tem¬ 
peratures up to about 620° C. In this work the temperatures were not measured, 
and the lattice spacings deduced from the films were used to calibrate the temperature 
of the camera in terms of the electrical power input to the furnaces. 
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After being used to calibrate the camera, the specimen was taken through 
the series of ten experiments, the results of which are summarized in 
Table I. In this series, Debye-Scherrer photographs were taken at six 
temperatures up to 943° C,, whilst after every one or two high-temperature 
photographs, a photograph was taken at room temperature to ensure that 
no change in the specimen had taken place during the high temperature 
treatment,* At the end of the series, the value of the lattice spacing was 


Serial 
no. of 

experi- Temperature 
ment 0 0, 

10 i 043 

8 4 846 

2 4 724 

4 4 506 

5 f450 

7 4- 337*5 

1 + 19-6 

3 4 - 19-9 

6 + 201 

9 4 20*1 

11 4 20*0 

-100 
-180 
- 253 

determined as 4*0774(3) A at 20 ° C., which is equivalent to 4*0774(1) A 
at 19*6° C. as compared with the value of 4*0775(0) A assumed for the 
calibration, so that the change is of the order 0*00009 A, which is within 
the experimental error. In the five photographs at room temperature the 
maximum spread of the results (after correcting to a constant temperature) 
is equivalent to 0*00019 A. As regards reproducibility therefore, the results 
are probably accurate to within 0*0001 A, and certainly to within 0*0002 A. 

The films were measured by eye on a travelling microscope specially 
calibrated at the National Physical Laboratory. The lattice spacings were 

* This precaution is often essential, since if accidental oxidation occurs in the 
preparation of the filings (e.g. if too vigorous filing warms the particles) considerable 
changes may occur on annealing. 


Table I 



Lattice 

Lattice 


lattice 
spacing 
in A 

spacing 

calculated 

from 

equation (1) 

spacing 
calculated 
by Scheel’s 
equation 

Remarks 

4*1656 

4-1654 

•— 


4-1542 

4-1543 

— 


4-1407 

4-1411 

— 


4*1278 

4-1280 

— 


4-1149 

4-1148 

4-1148 


4-1040 

4-1038 

4-1040 


4-0775(0) 

4-0774 

4-0775 

Value assumed for calibration of camera 
and for calculation by School's equa¬ 
tion, and Keeaom and Jansen’s tables. 

4-0774(5) 

— 

— 

Check at room temperature after heating 
to 724" C. in Exp. 2. 

4-0775(7) 

— 

— 

Check at room temperature after the 
specimen had been used in Exps. 1-5. 

4-0773(8) 

— 

— 

Chock at room temperature after the 
specimen had been used in Exps. 1-8. 

4-0774(3) 

— 

— 

Final check after Exps. 1-10, 

4*0687(7) 

4-0635(6) 

4*0606 

4-0686 

4-0635 

4-0606 

- ) 
- f 

The experimental values here are calcu¬ 
lated from the tables given by Keesom 
and Jansen as expressing their results 
from + 100 to - 253 y C. 
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determined from the 511, 422 and 024 reflexions using the Bradley and 
Jay ( 1932 ) cos 2 6 extrapolation method. These reflexions give rise to strong 
well-resolved doublets, the Bragg angle for the 511 line being approximately 
78-79° at room temperature. As in the work of Bradley and Jay ( 1932 ) 
the results from the a x and a 2 components of the doublets* were averaged 
in the ratio 2ql x : l<x % . It is thought that even at the highest temperatures the 
results, so far as X-ray technique is concerned, are accurate to 0*0002 A. 

In the course of the development of the camera a number of additional 
results were obtained of differing degrees of accuracy varying from 0*0001 
to 0-0005 A. These confirm the results shown in Table I, but the latter 
alone are published since they are the most accurate. 


Discussion 

In Table I columns 2 and 3 give the results of the present investigation, 
whilst column 5 gives the values calculated for the same temperatures by 
means of the equation of Scheel deduced for the expansion of massive 
bars in the range 0-500° C. It will be seen that up to 500° 0. the two sets 
of values agree to within 0-0001 A, so that the coefficients of expansion 
of the lattice and of the massive bars are identical in this range. Above 
500° C. the expansion is greater than that obtained from Scheel’s equation, 
but unfortunately accurate data on massive bars do not appear to exist 
for the higher temperatures. 

The exact agreement of the coefficient of expansion of the lattice and the 
solid metal in the range 0-500° C. suggests that at low temperatures the 
two coefficients will also be identical. If this assumption is accepted, 
the data of Keesom and Jansen ( 1928 ) for the expansion of bars of silver 
in the range - 253 to + 101 ° C. may be used to calculate the lattice spacing 
of silver at low temperatures, and some results obtained in this way are 
included in the lower half of Table I which thus gives the lattice spacing 
of silver from 20 ° above the absolute zero to 18° below the melting-point. 

It is naturally of interest to see whether the experimental data can be 
expressed in the form of a simple equation, since the usual empirical rela¬ 
tions are very complicated. We have succeeded in expressing the data in 
the form of an equation which gives the coefficient of expansion over the 

* The usual tendency is to measure the lines of the doublet too close together 
owing to an optical illusion. Experience shows that the Bradley and Jay extra¬ 
polation method, with the 2oc x ; la* averaging, overcomes this source of error almost 
entirely. Aotually in the present work it was only above 800° C. that the oq and a* 
values from the 511 line differed by more than 0-0001 A from the extrapolation curve. 
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whole range of temperature in terms of only four constants, whilst above 
0° C. one term in the equation becomes negligibly small, and the coefficient 
of expansion in the range 0-943° C. involves two constants only. This 
equation is of the form 

i a c6 ,, ., . 

log ,7 + ' (1) 

<h ^ 


where the constants have the following values when ordinary logarithms 
to the base 10 are used: 


« 0 - 0*608079, x = 0*0004898, 

C = 4*1614 x 10“ 2 , 1*5208 x 10“ 2 . 

0 O « 5586*6, 


These constants have values such that da/dO = 0 when 0~ 0 , so that the 
theoretical condition that the coefficient of expansion is zero at the absolute 
zero of temperature is satisfied. The second term in this equation is less 
than 0*0001 A at temperatures above 273° abs., and the high-temperature 
results are thus expressed in the very simple form 



c0_ 

K-Q' 


( 2 ) 


The values calculated by equation (1) are given in column 4 of Table I, 
and it will be seen that the agreement between the calculated and experi¬ 
mental values is very satisfactory. We have also found that the high- 
temperature data for the expansion of zinc and quartz can be expressed 
in the form of equation (2), which is very convenient for calculation, since 
only one term involving 0 is present. 
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spectra of some solids at low temperatures 

By J. Ewi,es, M.A. 

Physical Laboratories , The University of Leeds 

(Communicated by R. W kidding ton, F.R.S.—Received 23 October 1937) 

tPlates 3, 4] 

1. Introduction 

Luminescent inorganic; solids may be divided into a number of classes. 
Some, like the uranyl Balts and rare earth salts, show luminescence in the 
pure state, and some, like the Lenard and Klatt sulphides, seem to require 
a small trace of impurity. The alkali halides, which may be rendered lumin¬ 
escent by prolonged heating in the vapour of the alkali metal, by electro¬ 
lysis, or by exposure to short waves, may possibly be regarded as belonging 
to the second class, since it is generally recognized that the luminescence is 
connected with the presence of neutral atoms which must be considered as 
impurities in the ionic lattice. The chromium-activated substances studied 
so extensively by Deutschbein (1932) appear to belong to a third class. 

The intimate relations which have been found between the line-like 
emission and absorption spectra of the first class suggests that their lumin¬ 
escence may be quite simply explained aB a kind of resonance phenomenon. 
Indeed, in the case of the rare earths the spectra appear to have been satis- 
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factorily interpreted in terms of electronic transitions of the metallic ion. 
But, in spite of the very large amount of work on the second class of lumin¬ 
escent substances, a satisfactory explanation of their luminescence is still 
lacking. This is chiefly due to the fact that their spectra generally consist of 
broad and featureless bands. Various workers have claimed to have resolved 
these very broad bands into a number of partial bands, and Schmidt (1932) 
and Schellenberg (1932) have attempted to establish general series relation¬ 
ships among the partial band maxima. The resolution, however, has been 
obtained partly by visual observations and partly by reconstruction of the 
broad bands from a number of assumed partial bands. Howes (1928) 
obtained by visual spectrophotometry distinct structure in the bands of 
some of the alkali earth sulphides. His results will be referred to later in 
this paper. Tanaka (1921) carried out an extensive series of observations 
on the oathodo-luminescenee of a large number of substances activated by 
various impurities and deduced the existence of a frequency interval 
characteristic of the activator. But as many of his numbers are the result 
of rearranging the slight fluctuations which appear on the visually observed 
spectrophotometric curves, the validity of his deductions is very doubtful. 

In the case of the alkali halides Perrine (1928), Northrop (1928), Hilsch 
and Pohl (1933) an d Boos (1934) have each obtained spectra consisting of 
a number of quite narrow bands. Von Hippel (1936) has given an ingenious 
explanation of the absorption spectra of these substances in terms of the 
energy changes involved in the transfer of an electron from a halogen ion to 
an alkali ion. His explanation of the phosphorescent spectra, however, is 
hardly quantitative. 

It therefore appeared desirable to make a further attempt to obtain 
resolution of the luminescent spectra of the second class of luminescent 
solids. It is the object of this paper to report that certain bands of this type 
have been resolved and the frequencies of the components determined with 
a precision which enables suggestions to be made as to the origin of the 
luminescence. These conclusions are then shown to apply to the results of 
other workers, and a suggestion is made as to a possible explanation of some 
cases of phosphorescence. 

2. Cathodo-litminescence of calcium oxide. 

Experimental arrangements and results 

In order to reduce the problem to its simplest terms it was decided to 
begin with a substance of simple structure, and for the same reason no flux 
was used in the preparation. A start was made with calcium oxide, since 
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this could be obtained in a very pure state (Hilger Specpure), has a simple 
crystal structure (rock salt) and can easily be rendered luminescent by 
intimate mixture with a trace of impurity and subsequent heating. The 
mode of excitation was by cathode-rays generated under a tension of about 
20,000 V from a Mercedes electrostatic machine. This mode was adopted 
for a number of reasons. In the first place it is far more efficient than any 
other means, and in the second place excitation by light has the disadvantage 
that unless the luminescence is extremely bright the luminescent spectrum 
tends to be confused by the strongly scattered exciting lines. Schellenberg 
(1928, 1932) attempted to get over the latter difficulty by the use of a phos- 
phoroscope, but this has the disadvantage of eliminating all emission of a 
vanishingly short life. The possible objection that the excitation by cathode- 
rays involves a special process which would not operate under optical 
excitation is met by the fact that the cathodo- and photo-luminescent spectra 
of a given substance are, as far as they have been investigated, identical 
except as regards relative intensity of the different bands. This point, 
moreover, has been tested and confirmed by the writer in the case of two 
samples of calcium oxide and with zinc sulphide (§ 4 ). The final form of the 
apparatus is shown in fig. 1. 

The sample in the form of a powder w as deposited in a very thin layer in 
the depression in the rustless steel plug, P, which was hard soldered into the 
end of the hollow brass tube, T. The latter was flanged so as to give a vacuum- 
tight joint against the flanged end of the side tube, S, of the main discharge 
vessel, V. C is the cathode, while T itself serves also as the anode. The light 
from the specimen was led out by a quartz rod, Q , to the slit of a Hilger 
quartz spectrograph. Liquid air could be poured into T and the temperature 
w'atched by means of a thermocouple pushed into T and touching the back 
of the sample holder, P. The spectrograms were photometered on a Cam¬ 
bridge recording photoelectric photometer. A mercury spectrum was super- 
ini]>osed for calibration purposes. 

Experiments were carried out with fourteen different samples of calcium 
oxide; one spectroscopically pure and the rest containing eacli a trace of an 
added metal. 

It was found at first that although the spectra could be resolved into 
separate bands, these could not be further resolved with any certainty in 
the photometer curves. When, however, the exciting cathode-ray current 
w as cut down to a fraction of a microampere by running the machine very 
slowly or by putting a spark gap in parallel with the tube, the most remark¬ 
able resolution of the ultra-violet bands into almost line like components 
could be obtained (figs. 3 , 4 , PL 3 ; fig. 5 , PL 4 ). The results are given below. 
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CaO. Hilger Specpure 
Ultra-violet 

v (air) in era." 1 A (air) in A 

A 28706 3483] 

B 28203 3646 \ 

C 27988 3572| 

F 27397 3850) 

G 27155 3682 

F t 26888 3719 i 

Q x 26654 3751 

F % 26396 3788/ 

Visible 

There is a very faint luminescence in the visible which is too weak to be 
photographed in a reasonable time. 


Description 

Group of broadened lines 

Group of broadened lines of 
alternating intensities 
F lines stronger than following 
Q lines. Strongest — F 
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CaO (Bi). Atomic concentration Bi/Ca = 10~ 4 
Ultra-violet 


Designation v (air) cm," 3 A (air) in A 


A 

28716 

3479] 

B 

28206 

3545 - 

C 

28000 

3571J 

F 

27404 

3650 

O 

27166 

3681 

F x 

26891 

3718 


26647 

3752 

Ft 

26385 

3790 

0\ 

26142 

3825 


25886 

3863, 

H 

26322 

3799) 

Hi 

25848 

3868/ 

L 

26023 

3843 

K 

25719 

3888 

Li 

25625 

3918 

Hi 

25231 

3963 

L t 

25017 

3997 - 

K t 

24732 

4044 

Li 

24521 

4079 

K 3 

24245 

4124 

Kt 

23758 

4209, 

D 

24322 

4112 


Description 

Group of broadened lines on 
partially resolved band 

Group of broadened linos of 
alternating intensities 

F lines stronger than following 
G lines 

F ss strongest 

Faint broadened linos 

Group of broadened lines of 
alternating intensities 

K lines stronger than following 
L lines 

K — sharpest 

K and K t of approximately 
equal intensity 

Faint broad line 


Visible 

Only one band was strong enough to be measured. This is broad with the 
peak at 6200. 


CaO. Activated with various impurities 
(Sn, Sb, Zn, Mn, Pb } Co, As, Ni, W, Cu, Cd, Fe) 

Ultra-violet 

All samples gave broadened lines whose position agree within experi¬ 
mental errors with those of A, B , C , F , (?, F v G v F 2 , G 2 , ... above. 

Visible 

Very broad and unresolved bands were obtained in the visible region. 
The values given below are those of the peaks of the photometer curves. 
These curves are generally symmetrical and it is probable that the values 
given for the peak wave-lengths are not in error by more than about 20 A. 
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CaO. Various impurities 


Impurity 

Bands. 

Wave-lengths of peaks in A 

Sri 

4650 

—. 

6200 

Sb 

4700 

5570 

— 

Zn 

4660 

— 

6200 

Mn 

4650 

5560 

6210 

Pb 

4730 

— 

6180 

Co 4460 

— 

— 

6180 

As 

4650 

— 

6180 

Ni 

4650 


6150 

W 

4710 

— 

6150 


Cu 

Cd 

Fe 


3. Discussion of above results 

The ultra-violet region appears to be divided into a number of groups of 
broadened lines each suggesting a band group. It has been pointed out to me 
by Professor A. C. Menzies of University College, Southampton, that the 
F , 0 and //, K , L groups may be numerically represented by electron 
vibration band-head formulae of the type 

v - v e + (v' + l)(D , -(v ,f + 

leaving out the anharmonic terms, since the possible accuracy of measure¬ 
ment due to the broadness of the lines does not justify their inclusion. The 
formal comparison between the lines so calculated from an appropriate 
choice of v € , co f and tf and those observed in the CaO (Bi) spectrum is given 
below. 

In both systems the strong lines (i.e. F lines and K lines respectively) are 
those with v f - 0 , while the fainter lines ( G , L and H lines) correspond to 
v' ~ 1 or 2 . 

This formal representation still leaves open the question as to the origin 
of the electronic jumps. A. number of possibilities have been considered. 
Taking first the F , 0 group, which appears in all the CaO spectra including 
that of the Hilger spectroscopically pure sample, there can be little doubt 
that this group is not due to an impurity. The most obvious suggestion is 
that it is an electron vibration hand of the crystalline oxide. Mahanti ( 1932 ) 
has obtained bands with calcium salts in the carbon arc which he attributes 
to CaO molecules but, although it is possible to find in his bands a corre¬ 
spondence to every line found here, his electronic jump (28849) and vibra¬ 
tional frequencies (to' * 726-5, to* = 811*3) are very different. Moreover, as 


j> Visible luminescence very faint 
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will be Been later in this paper, nothing corresponding to Mahanti’s bands 
for SrO and MgO has Been found in the cathodo-luminescent spectra of 
these substances. Nor does it appear possible to attribute the electron jump 
to Calll, Call, or to oxygen. 


i\ 0 group 


v = 27526 +(*>' + $) 264- 

-(0* + 1)508 

cm .” 1 

Designation 

Obs. 

Calc. 

■v\ v* 

F 

27404 

27404 

0 , 0 

G 

27166 

27160 

1 , 1 

*\ 

26891 

26896 

0 , 1 

0 , 

26647 

26652 

1 , 2 

F. 

26385 

26388 

0,2 

«, 

26142 

26144 

1, 3 


25886 

25880 

0, 3 


H, K, L group 


V = 25816 4- 

(// + £) 298- 

(v*+b) 493 

cm ." 1 

Designation 

Obs. 

Calc. 

v r , v‘ 

H 

26322 

26314 

2 . 0 

Hi 

25848 

25821 

2 , 1 

L 

26023 

26016 

to 

K 

25719 

25718 

0 , 0 

L t 

25625 

26623 

1,1 

Hi 

25231 

26226 

0,1 

L, 

25017 

26030 

1,2 

A, 

24732 

24732 

0 , 2 

L t 

24521 

24537 

1 . 3 

A, 

24245 

24239 

0 , 3 

A, 

23758 

23746 

0,4 


Cal, however, has aline just in the required region (27526 cm." 1 ), namely, 
4*4p*P°-4*5d»D = 27586 to 27419 cm." 1 . 

The maximum vibration frequency of the CaO lattice has been given by 
Tolksdorf ( 1928 ) as 453 cm." 1 . It seems therefore not unreasonable to 
suppose that the frequency difference of 508 cm ." 1 appearing in this group 
is that of the CaO lattice. 

Since the H , A\ L group appears only when Bi is present it would seem 
natural to attribute this to some association of Bi or one of its oxides with 
the CaO crystal. But with an atomic concentration Bi/Ca of only 10“ 6 this 
group appears with an intensity as great as that of the 0 group and w hen 
the atomic concentration of Bi/Ca is still only as small as 10~ 4 the intensity 
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of the H, K, L group is actually greater. It does not appear in the spectra 
of the similar oxides SrO and BaO or in any other oxide investigated when 
Bi ie incorporated in them. These facts, together with the recurrence of the 
frequency difference close to 500 cm.” 1 , suggests that here again the CaO 
crystal plays the predominant part in the emission of H\ K group. Although 
Mahanti’s bands for CaO molecules again have components which corre¬ 
spond to every one of this group there is no correspondence of the electronic 
jump or vibration frequencies. No bismuth oxide bands appear to have 
been reported in this region though it is remarkable that the A-+X BiO 
bands in the red found by Ghosh ( 1932 ) have the same vibrational fre¬ 
quencies of 493 and 298 cm .” 1 in the lower and upper states. There is, how¬ 
ever, a close agreement between the electronic jump of this group (25816) 
and the 4#3d 3 D-4#6/ 3 F° (v = 25829 to 25793) of Cal. Moreover, the next 
Cal transition in this series 4s3d 3 D-4fl5/ 3 F° 24426 to 24392) would 

account for the line D (v — 24322) which appears along with the H\ K, L 
group only when Bi is present. 

The region of the spectra to the short-wave side of 3650 A appears to 
consist of a number of broadened lines on an otherwise unresolved back¬ 
ground ending sharply with the broad line A at 3479 A. Only three of these 
lines can he determined with any certainty. 

Although these coincide approximately with Cal lines 

A 3479 Cal 4*3d 8 D~4*m/»I ? 0 « 3452 to 3456 

m-> 00 

B 3545 Cal 4<s3<2 3 D-4m/ 3 F° = 3552 to 3533 

m-18,13 

C 3571 Cat 4s3d 3 D-4sm/ 8 F° = 3565 to 3595 

m—11, 10 

such interpretations do not appear probable since in such a case one would 
expect the lines 3871 to 3876 to appear strongly in all the spectra (4a3ei 3 D- 
4s6/ 8 F°). Actually only in the Bi activated sample does the line K = 3888 A 
appear in this region. 

It is observed that the frequency difference of A — B is again about 
500 cm.” 1 . 

It is obviously not possible to draw any definite conclusions as to the 
origin of the broad unresolved bands in the visible. It is notable, however, 
that within the possibility of the measurements these bands are not 
characteristic of the particular impurity but are common to many different 
ones. The effect of the “activators” appears to be merely to determine the 
relative intensities of a set of bands whose positions are determined by the 
calcium oxide itself. 
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Similar results have been noted by other observers (e.g. Schellenberg 
1928 , 1932 ). The positions of the peaks of these bands are, at any rate, not 
inconsistent with the possibility that their emission is associated with Cal 
transitions. Thus 

Observed band 

A Cal transitions (A) 

44(30 4*4p »P°-4*4d 8 I> = 4426 to 4456 

4650-4730 AsM 8 D -4*4/ 8 F U = 4570 to 4585 

5560—5570 4*3cl 3 D p 3 D' J = 5591 to 5607 

6100 6200 4*4 p 3 P°-4»5* *8 = 6104 to 6165 

4*3rf 3 D -4*5 p 8 P n - 6173 to 6169 

4. Photo-luminescence OF CALCIUM OXIDE 

A possible objection to the bearing of the above results on the general 
phenomenon of luminescence is that under excitation by fast electrons 
some process might be involved (such as local dissociation of the CJaO by 
the temporarily high local concentration of energy) which would not 
operate under excitation by light. This objection has now been met, since 
it has been found possible to obtain, with calcium oxide, under excitation by 
ultra-violet light, similar resolved bands to those obtained under cathode- 
ray excitation. So far, only two samples have been investigated by ultra¬ 
violet light excitation—the Hilger “Specpure” and the bismuth “acti¬ 
vated” sample. The specimens were cooled to liquid air temperature and 
excited by filtered light from a quartz mercury vapour lamp. One of the 
very efficient filters described by Bowen ( 1935 ) was employed to exclude 
effectively all mercury lines of wave-length longer than 3341-5 A. (There is 
a slight transmission of the yellow lines.) A comparison of the wave-lengths 
and frequencies of the resolved components of the luminescent bands, 
obtained in the ultra-violet by this method, with the corresponding com¬ 
ponents of the cathodo-luminescent spectra is given below. There is a shift 
towards the red in the optically excited spectra of 6-17 A in the “Spec pure” 
and 16-20 A in the bismuth activated sample. No explanation can be 
offered at present for this shift. 

In the bismuth activated sample, with atomic concentration Bi/Ca of 
10 4 , the L lines observed in the cathodo-luminescent spectra are too faint 
in the optically excited spectra to be measured accurately. The effect of the 
bismuth of producing a transference of the region of maximum emission 
from the F, G group to the K group is very striking (see fig. 4, PI. 3 ). With 
an atomic concentration of Bi/Ca of 10 ~ 4 , and an exposure long enough to 
bring out the K lines distinctly (about one hour), the F , G group is quite 
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indetectable; while with an atomic concentration of Bi/Ca of 10~ 6 the two 
groups are about equally intense. The A, B , C\ F , O t F v G l9 F 2 , G& F$ lines 
in the latter sample are in the same position, within the limits of measure¬ 
ment, as the corresponding lines in the Specpure sample. 

The mean Vibration frequencies of the lower state, appearing in the bands 
of the optically excited spectra, are 511 cm." 1 for the F , G group and 
489 cm. 1 for the K group, w hich compare closely with the 508 and 493 cm." 1 
found for the corresponding groups in the cathodo-luminescent spectra. 


Compar isons of cathodo-luminescent and photo-luminescent spectra 

CaO “ specpure ” 

Cathode-ray excitation Ultra-violet light excitation 



A (A) 

v (cm." 1 ) 

A (A) 

v (cm.” 1 ) 

A 

3483 

28700 

3491 

28651 

B 

3546 

28203 

3552 

28165 

C 

3572 

27988 

3579 

27936 

F 

3650 

27397 

3660 

27323 

a 

3682 

27156 

3094 

27074 

Fi 

3719 

26889 

3732 

26784 


3751 

26654 

3768 

26539 


3788 

20396 

3805 

26285 

a t 

Too faint to measure 

3839 

26052 

f 3 

Too faint to measure 

3877 

25790 


CaO. (Bi). 

Atomic concentration Bi/Ca « 

io- 6 


Cathode-ray excitation 

Ultra-violet light excitation 


A (A) 

v (cm. -1 ) 

A (A) 

v (cm." 1 ) 

K 

3888 

25719 

3904 

25612 


3963 

25231 

3981 

25115 

K, 

4044 

24732 

4064 

24596 

K* 

4124 

24245 

4142 

24145 


5. Experimental results for other substances 

The suggestions that some luminescent bands of solids “activated ” with 
an impurity are electron vibration bands associated with the parent lattice 
and that the electron jump may possibly be attributed to neutral atoms of 
the metal of the crystal obviously require confirmatory evidence from the 
luminescent spectra of substances other than calcium oxide. 

Some results of investigations on the cathodo-luminescent spectra of 
various substances at the temperature of liquid air, by the same method as 
described in § 2, will now be given. 
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Strontium oxide 

This shows, in the ultra-violet, a set of four broadened lines which appear 
to form a band-like group showing an approximately constant frequency 
difference of about 404 cm. -1 . These lines are too faint to be measured very 
accurately (the probable error is about 30 cm." 1 ). The estimated values are: 


Wave-length (A) 

3787 

3845 

3909 

3970 


Frequency (cm.™ 1 ) 

26410 

26000 

25590 

25190 


dv 

410 

410 

400 


Regarding this as an electron vibration band of the form 
v c 4 - (v' \)(o f — (v* + 4) 404 cm.™ 1 , 

it is required to account for an electron jump in the neighbourhood of 
20400 cm .” 1 and a vibration frequency in the lower state of about 404 cm. 1 . 
There is no experimental data available for the vibration frequency of the 
SrO lattice, but Dr M. L. Huggins who has already published calculations 
( 1937 ) on the alkali halides based on the Born-Mayer Method and giving 
excellent agreement with experiment in these cases, has very kindly worked 
out for me the vibration frequency of the alkaline earth oxides. His value 
for SrO comes out at 438 crn. \ which suggests that the vibration frequency 
of 404 cm .™ 1 found in the SrO spectrum may not unreasonably be identified 
with the SrO lattice frequency. The electron jump in the region of 26410 is 
quite near to the Sri transitions: 

5s5p 3 P°-5*8a 3 S = 26445, 26258. 

The bands in the visible are again broad and unresolved. Their peaks were 
estimated to be at 4600, 5600 and 6450 A respectively. Although these bands 
are too broad to offer any very positive evidence as to the origin of the 
electronic jump associated with them, the position of the peaks is not in¬ 
consistent with the view that they may be derived from Sri transitions. 


Barium compounds 

It was found impossible to resolve any bands of barium oxide. The position 
of the peaks of the bands obtained with barium oxide, sulphide and car¬ 
bonate aTe given below, in Angstroms. 


Barium oxide 

4850 

5620 

5970 

Barium sulphide 

4300 

5910 


Barium carbonate 

4070 

5560 

5870 
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The band peaks 5970 for BaO, 5910 for BaS, and 5870 A for BaCO s , and the 
band peaks 5620 for BaO and 5560 A for barium carbonate are respectively 
sufficiently close together in each case to suggest common origins for the 
electronic jumps. There are Ba I lines in the neighbourhood of all the peaks. 


Zinc compounds 


Zinc oxide. In one sample only (Kahlbaum A.R.) a band-like structure 
was seen in the ultra-violet. A reproduction of this is shown in'No. 8 , 
fig. 5 (Plate 4). 

The wave-lengths, frequencies and frequency differences are: 



Wave-length (A) 

Frequency (cmr 1 ) 

A 

3708 

26902 

B 

3754 

26640 

C 

3837 

26004 

D 

3925 

25475 

E 

4011 

24926 


Frequency difference 
(cm." 1 ) 

322 

570 

589 

549 


The strongest component is B . This suggests a band group of the form 

v « v € + (v f + i) 322 - (if + \) 571 cm.- 1 , 

where v, : is in the neighbourhood of 26764. There are no prominent Znl lines 
in this neighbourhood. The 322 cm .™ 1 may possibly correspond to Tolks- 
dorf’s ( 1928 ) v 2 = 357 cm. ” 1 for ZnO infra-red frequencies, but the 578 cm . -1 
does not appear to correspond with any of the values given by Toiksdorf 
for ZnO, although B — D — 1165 cm . 1 is close to the 1156 cm ." 1 given as 
v l 4 - 2r 2 and B — E~ 1714 cm .™ 1 fairly near to the value 1667 cm ." 1 given as 
+ On the whole the evidence is against this group being associated 
directly with the ZnO, As it only appears in one sample it may possibly be 
a “ solution ” spectrum of some impurity present only in this sample. There 
are two broad bands in the visible region—common to a number of samples 
—with peaks at 5350 and 4700. There are a number of Zn l lines in the 
neighbourhood of each peak. 


Zinc sulphides 

In the case of the very brilliant sulphides of which a number of samples 
were tried from different sources and containing various impurities, it was 
found that most of the bands were too broad to give reliable values for the 
peakfe to be regarded with any certainty as simple bands. Three bands appear 
to be symmetrical on the photometer curves and may possibly be regarded 
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as single bands. Their peaks are at 6590, 5980 and 4800 A. There are Znl 
lines reasonably near to all these peaks. 

Zinc silicate 

A zinc silicate “activated” with copper gave two bands in the visible 
with peaks at 5350 and 4650. Both of these are quite dose to the peak values 
found for the visible bands of ZnO, again suggesting, as in the case of the 
barium compounds, a common origin for the electronic jumps. As indicated 
above there are Zn I lines in the neighbourhood of both peaks. 


Magnesium oxide 

This substance appears to give spectra belonging to two classes, since 
besides two broad bands which are alike in samples activated with Mn, Sn 
and Bi and whose peaks are near to Mg I lines, the Mn activated sample 
shows a number of broadened lines and very narrow bands which cannot be 
compared with Mg I lines but all of which are in the neighbourhood of Mnl 
lines. There does not appear to be any band like arrangement among these 
lines and bands. The details are given below. 

MgO activated with Mn or Bi or Sn 
Broad bands with peaks at 4690 and 3860 A. 

MgO. Mn 

Wave-length (A) Description 

6710 Strong and very narrow band 

6435 Weak narrow band 

6030 Strong narrow band 

4848 Weak broadened line 

4806 Weak broadened line 

3665 Weak broadened line 

3571 Strong broadened line 

3588 Weak broadened line 


6. Results of other observers 

Howes ( 1928 ) carried out a study of the luminescent spectra of three 
alkaline earth sulphides. He obtained by visual spectrophotometry curves 
showing a number of peaks and inflexions. His estimated values for the 
positions of these in the case of CaS activated with bismuth are shown 
below. 
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CaS(Bi). Howes ( 1928 ) 




Frequency difference 

Wave-length (A) 

Frequency (cm. -1 ) 

(cm.“ 1 ) 

5300 

18868 

387 

391 

391 

401 

378 

389 

402 

5411 

18481 

5528 

18090 

5650 

17699 

5781 

17298 

5910 

16920 

6049 

16531 

6200 

16129 


Howes does not give the photometer curve or a reproduction of the 
spectrum, but taking his remark that the spectra “ yielded a curve upon the 
red flank of which eight crests could be located ” together with the assump¬ 
tion that this set represents a band of the same type as obtained by the 
present writer for CaO, then the approximately constant frequency differ¬ 
ence of mean value 394 cm. ' 1 would be the vibration frequency of the lower 
state and the component v = 18868 cm." 1 , A — 5300 A would be the 0, 0 
component. 

No measurements appear to be recorded for the lattice frequency of CaS. 
This substance is of course a cubic lattice of the same type as CaO, so that 
one may extrapolate by the Huggins formula. Taking the Tolksdorf value 
of 453 cm.* 1 for CaO, a value of 369 cm." 1 is obtained for CaS, or taking the 
500 cm." 1 obtained by the present writer in the CaO spectrum a value of 
405 cm." 1 is obtained for CaS. Eithei of these values is sufficiently near to 
the frequency difference of mean value 394 cm. 1 which appears in the above 
spectrum to make it reasonable to suppose that this frequency difference 
again represents the vibration frequency of the CaS lattice. 

There are a number of Cal lines in the neighbourhood of the supposed 
electronic transitions (18868 cm." 1 ) 

4$3d 3 D~3rZ4p 3 P° = 5262 to 5270 A, 
and 4s3d l D-3d4p 1 F° = 5349 A, 

the mean frequency of these transitions being 18946 cm." 1 . 

BaS (Cu). Howes ( 1928 ) 

Howes gives a curve for BaS activated with copper showing a number of 
peaks and inflexions. Of these all the well marked peaks are near to Bal 
lines. There also appears to be constant frequency differences present of 
340 and 680 cm ." 1 respectively. Taking the Tolksdorf value of 453 cm, 1 for 
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the CaO lattice frequency and extrapolating by Huggins method a value of 
306 cm ," 1 is obtained for the BaS lattice frequency, or using the value of 
500 cm .* 1 for the CaO lattice a value of 348 cm .” 1 is obtained for the BaS 
lattice frequency. 

SrS(Bi). Howes ( 1928 ) 

Here the photometer curve shows one strong peak at 4800 A flanked on 
each side by a number of somewhat indefinite inflexions, from which Howes 
deduces constant frequency intervals of 580 and 1160 cm.- 1 . While there are 
a number of Sri in the neighbourhood of 3800 A, including the strong lines 
4832, 4872 A, the frequency intervals do not appear to be anywhere near 
the calculated vibration frequency of the SrS lattice (376 cm .- 1 taking 
500 cm . -1 for CaO and 341 cm ." 1 taking 453 cm .- 1 for CaO). 

CaO and CaS (ScheMenberg 1928 , 1932 ) 

Schellenberg has analysed the photometric curves obtained by himself 
and others from the blue and ultra-violet luminescence of CaO and CaS 
excited by the zinc spark. Although he did not obtain, except in a few cases, 
resolution into separate bands, he adopted a method of analysis based on the 
experimentally alleged assumption that the individual bands are of the 
form of error curves. By an adjustment of constants the experimental 
curves were built up from individual bands. A collection of his results are 
given below. It is seen that all the supposed individual bands are in the 
region of Cal lines. 

It is striking ( 1 ) that all the members of the series 

4a4p a P°-4 8 . md 3 D and 4s3d 3 D-4s . mf 8 F°, 

within the range investigated are represented, ( 2 ) that many of the bands 
are not only common to different impurities but are common (within the 
limits of measurement) to both CaO and CaS—again suggesting a common 
origin. 

CaO and CaS (Schellenberg 1928 , 1932 ) 

Wave-lengths (Schellenberg) (A) 


CaO 

CVS 

Comparison with Cal lines (A) 


2600 (Ag) 

4*4 p 8 P°-3d4 d *P = 2556 to 2565 

2700 (Cun 

2780 (Fe, Zn) 

is* *8 -4 ebp l P° »2722 

2720 (Fe)/ 


~4*5p 8 P° = 2735 

3020 (Cu) 


4»4p 8 P°-4*wuf 8 D =2929 to 3151 



m = 8 to qo 

3260 (Cu)\ 

3220 (Fe) \ 

4s4p »P°-4«7 d *D = 3210 to 3^26 

3250 (Ag)J 

3200 (Zn, Ag)/ 





CaO i Bi) 
(Hi.Cn = ]<r 


Kwles Proc. Roy. Hoc., A, vol. 1(57, Plate 3 



.1 «C For, (I, AAA, A, A, 
Fa.. 3 


CaO Mi| K' ,r 

v S]K'cj)mv ’ 

F 0 F,(!,F t 

A A, A, A, A, 

CaO (Hi) 

(Hi/Cii ^ HI ‘) 



o i- /. j; * 
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CuO, 


niigtT 


AH C F <i K LK l h l K 2 



I'hO (lii) 
'n= lo-*) 


i\i() (Sl>) 


CaO (Co) 


CM (IM>) 


CM (VV) 


ZnO 



Hg 

3650 


3 : 
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CaO and CaS (continued) 

Wave-lengths (Schellenberg) (A) 


CaO 


Ca8 

Comparison with 

Ca I lines (A) 

3300 

(Zn) 

3350 

(Fe, Ag) 

4*4 p a P°- 

-4*6d 8 D 

= 3344 to 3362 



3500 

(Fe) | 

4*3d 3 D - 

~4smf 3 F° 

= 3451 to 3547 



3520 

(Zn) ( 


rn = 12 

! to 00 

3600 

(Ag) 

3600 

(Pb)\ 

4*3 d a D - 

-4*m/ 3 F y 

=a 3547 to 3680 



3660 

(Sb)/ 

rn 

« 12, 11, 

10, 9, 8 

3700 

(Fe)) 

3680 

(Fe, Ag) 

4*4 p 3 P°- 

-4*5d *D 

- 3624 to 3646 

3780 

(Bi)/ 

3820 

3840 

3860 

(Zn) 1 

(Pb) 

(Fe, Sb) 1 

| j 4*3d *D - 

r y 4 * 3c/ a D - 

-4*6 f 3 F° 
-4*7/ 3 F U 

| — 3748 to 3876 

4000 

(Ag) 



4*4/; 3 P°- 

-4*6* 3 S 

~ 3973 to 3949 

4140 

(Bi) 

4150 

(Fe, Zn. 

Ag, Sh)\ /4*3 d 3 L) - 

-4*5/ 3 P° 

= 4094 to 4100 



4100 

(Pb) 

/ 14*4/; l P°- 

-4* a ’S 

= 4227 

4350 

4380 

4400 

(Feh 

(Cu) l 

(Fe) J 

4380 

4400 

(Ag) ) 
(Sb, Pb) I 

[ - 4«4jo a P°- 

-4*4rf 8 D 

= 4426 to 4457 

4650 

(Cu) 

4540 

(Fe, Zn, 

1 * d - 
' 1 4«4j» 1 P £ '- 

-4*4/ «F° 
-4*6d r D a 

= 4586 to 4579 
= 4685 


SrS (Sehellenberg 1928 , 1932 ) 

Sehellenberg deduces a number of individual bands in the blue and 
ultra-violet for SrS activated with Fe, Ag and Pb. Here again, not only are 
many of the bands similar in position with different impurities but a com¬ 
parison with Sri lines shows that the whole of the series 5s5p 3 P°~5j?wwf 8 S 
and the series 5 * 5 p a P 0 - 5 *md s D, within the range studied, are represented. 

Zinc sulphides (Riehl 1937) 

Riehl (1937) has recently confirmed a number of earlier claims that 
absolutely pure zinc sulphide is not only fluorescent but also phosphorescent. 
He also points out that the high efficiency of the excitation by a-rays or by 
ultra-violet light indicates that the whole of the lat tice must be taking part 
in the process. 

7. General discussion. Possible explanation 

OF SOME TYPES OF PHOSPHORESCENCE 

The part apparently played by impurities in the conductivity of some 
semi-conductors on the one hand and the luminescence and photoconduc¬ 
tivity of solids on the other, together with the parallelism which has been 
alleged to exist in some cases between excitation of photoconductivity and 
of luminescence has naturally led to attempts to explain the luminescence of 


VolCLXVII. A. 
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crystals containing impurities in terms of the Wilson semi-conduetor model. 
Such theories, in common with the earlier ones, have hitherto assumed that 
the emission is directly associated with the impurity. The foregoing analyses 
of experimental observations on luminescent spectra indicate that there is 
a class of luminescent solids for which such a direct role cannot be assigned 
to the impurity. Indeed the evidence goes to show that in these cases the 
emission is characteristic of the parent crystal rather than the impurity. 

It has been suggested above that the luminescent bands in such oases are 
electron vibration bands associated with the parent lattice. Constant 
frequency intervals have been shown to appear in these spectra which have 
values quite near to the vibration frequencies of the crystal. A comparison 
has been drawn between the electron jumps associated with these bands 
and those of neutral atoms of the metal of the crystal. 


cm ' 1 



25652 

28969 



33989 

34147 



3d56 s D° 
l rt ionisation 
■4stf*F° 

4s5d*D 
4a 6s 3 S 

4s5b 3 P° 

4»5s 3 S 

4a4b'P 
4a 3d*D 

l 4s4&*P 



Fig. 2 . Suggested mechanism of phosphorescence. P v P a ,... Phosphorescent emission. 
E v E 2 , ... Excitation of metastable atoms by P lf P 2 .= hv Pi hv Xt = hv }u etc. 


The striking recurrence of the metastable level of the neutral atom in this 
comparison suggests a possible explanation of some types of phosphor¬ 
escence. This is that the atoms are first raised to higher levels by suitable 
excitation, whence some of them return to the metastable levels either 
directly or indirectly, and some to other levels. Most of these transitions 
result in fluorescence. But Borne of those atoms which have returned to the 
metastable states may remain there long enough to be re-excited. In the 
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case of such atoms in a crystal we may expect* however, continual disturb¬ 
ances from the metastable states to occur if there is a nearby state within 
a few vibration levels. If this nearby state is not metastable, transition will 
occur to a lower state. The energy thus released may appear directly as 
phosphorescence or may be used to excite other atoms to a higher level whence 
return may again occur either to the metastable states or to another level, again 
with emission of phosphorescent light. Phosphorescence thus goes on as long 
as there are any atoms left in the metastable state. Although, of course, the 
normal duration of the metastable state in an atom associated with a crystal 
lattice would not be anything like long enough to account for phosphor¬ 
escence of long duration it is to be remembered that the metastable state is, 
according to this scheme, continually being restored by the luminescence 
itself. That such processes are numerically possible is shown in fig. 2 for the 
case of Cal, where the levels are drawn to scale for Cal. 

The scheme, of course, does not exclude the possibility that some types of 
phosphorescent emission are due to the return of more or less free electrons 
to an ion. Indeed such a possibility is almost implicit in the suggested 
mechanism and is indicated in fig. 2. 

Such a scheme would account for: 

(1) The fact that the phosphorescent spectra are similar to the fluorescent 
spectra. 

(2) The holding up of phosphorescence by cooling, since the chances of 
vibrational transitions from the metastable state to a nearby non-meta¬ 
stable state are decreased. 

(3) The speeding up of phosphorescent emission by infra-red radiation. 

My thanks are due to Mr F. H. Partridge for help with the photometry 
and to Professor A. C. Menzios of University College, Southampton, and 
to my colleagues for many valuable discussions. 

The work was carried out partly with the aid of a grant from the Govern¬ 
ment Grant Committee of the Royal Society, for which 1 am grateful. 

Summary 

Well-defined resolution of the ultra-violet bands in the cathodo-lumin- 
escent spectra of some inorganic solids, activated by various added 
impurities, has been obtained at the temperature of liquid air. For calcium 
oxide and strontium oxide constant frequency differences appear which are 
close to the vibrational frequencies of the crystal lattices. 

Optically excited luminescent spectra of spectroscopically pure calcium 
oxide and of calcium oxide activated with bismuth show resolved bands in 


4'3 
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the ultra-violet which are identical with the cathodo-luminescent bands 
except for a slight shift towards the red. 

In general, the bands in the visible are not resolved. In many cases the 
positions of these bands are determined by the crystal and not by the 
impurity added. 

These observations are shown to be in agreement with those of other 
workers in a number of cases where the partial resolution obtained by them 
justifies an analysis of their results. 

It is therefore suggested that the luminescent spectra of certain lumin¬ 
escent solids, notably the alkaline earth oxides and sulphides, may be 
regarded as electron vibration bands associated with the crystal lattice. 

In an attempt to inteqjret the electronic terms of such bands, a certain 
agreement is shown to exist between the values of these terms and those of 
electronic transitions of neutral atoms of the metal of the crystal. In this 
comparison, the striking recurrence of the metastable levels of the neutral 
atoms suggests a possible mechanism for short duration phosphorescence. 
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Description of Plates 
Plate 3 

Fig. 3. Comparison of Ca spectrum with cathode-luminescent spectrum of CaO 
activated with bismuth, showing suggested correspondences. 

Fig. 4. Photo-luminescent spectra of calcium oxide showing effect of addition of 
trace of bismuth. 

Plate 4 

Fig. 5. Cathodo-luminescent spectra of calcium oxide and zinc oxide. 


The probability of annihilation of positrons without 
emission of radiation 


By H. S. W. Massey, Ph.D. 

Independent Lecturer in Math.-Physics, Queen's University , Belfast 

and E. H. S. Bubhop, Ph.D. 

Natural Philosophy Laboratory , University of Melbourne 

* 

(Communicated by R . H. Fowler , F.R. 8 .—Received 19 January 1938) 

There are two distinct processes by means of which a positron may be 
annihilated and the excess energy liberated in the form of radiation. These 
are: 

(1) Annihilation by a free electron. Here the energy must reappear in 
the form of at least two quanta to satisfy the conservation laws. 

(2) Annihilation by a bound electron. In this case the energy may 
appear in the form of a single quantum since the nucleus of the atom in 
which the electron is bound is available to take up excess momentum. 

Calculations of the cross-section for annihilation by the first process 
have been carried out by Dirac (1930), while Fermi and Uhlenheck (1933). 
Hulme and Bhabha (1934) and Nishina, Tomonaga and Tamaki (1934) have 
dealt with the second process. The two-quantum process is much more 
probable, yielding for lead a cross-section of 3*8 x 10 22 cm. 2 compared with 
1-93 x 10~ 23 cm. 2 for the single quantum process. These values are for 
positrons of 500,000 e-volts energy for which the cross-sections have their 
maximum values. 

Closely connected with the second process is a type of annihilation in 
which the positron collides with a bound electron with mutual annihilation 
but the energy liberated, instead of being radiated as a Bingle quantum, is 
used to eject another electron from the atom. An estimate of the cross- 
section for this radiationless annihilation, where the two electrons concerned 
are K electrons, has been made by Brunings (1934). His calculations, in¬ 
volving a number of approximations, led to the conclusion that the cross- 
section would reach a value of about 5 x ]0~ 26 cm. 2 for positrons of 100,000 
e-volts energy. This value, though small, would indicate that the process 
is observable, particularly when account is taken of transitions involving 
other pairs of bound electrons. In view of this possibility it was thought 
desirable to calculate the cross-section without making drastic approxi- 
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nmtions, taking account of retardation effects and spin-spin interaction in 
the usual manner (Moller 1931). This has been carried out and, although the 
more accurate calculation gives rather different results from those obtained 
by Brunings, it still appears that the process, though rare, should be 
observable. We now proceed to the detailed account of the method and 
results. 


General method and foemtilae 

The annihilation process with which we are concerned is essentially an 
Auger transition involving the two atomic electrons. One of the electrons 
jumps to the state of negative kinetic energy made available in the form of 
the incident positron while the other, receiving the energy liberated in this 
way, undergoes a transition to a state of positive energy, involving its 
ejection from the atom. If E a , Ep are the total energies (including the mass 
term me 1 ) of the electrons before the transition, E+ that of the positron, 
and E_ that of the electron after ejection, then 

+ — E + . 

To calculate the probability cross-section we may use the method intro¬ 
duced by Moller (1931) for dealing, in a manner consistent with relativistic 
invariance, with two electron transitions. Let ijr a) ftp be the respective wave 
functions of the electronic states with energies E a , Ep respectively, <j>__ that 
of the positive energy state occupied by the ejected electron and that of 
the negative kinetic energy state. Then the cross-section for the annihila¬ 
tion of a positron incident with momentum A/27T, energy E + and velocity 
v+, by the two electrons considered, is 

+ Bfi+E + -B_)\A\* - 0 = dQ. (1) 

Here dQ is the element of solid angle into which the electron is ejected, s 
and £ denote summation over the spin directions of positron and ejected 
electron respectively and S(E U + Ep + E+ — E_) is the usual ^-function. The 
matrix element A is given by 

A - B-C, 

where B « JjW a --- a j,. j a )exp(2ffivr ia /c)rf a 1 dr 1 dT„ 

c ■ ia) exp(2 nivr^jc) r£*r x fo t . 


( 2 ) 
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/?i( r i)> Ji( r i) are the respective charge and current densities corresponding 
to the transition ^ r a (r 1 )->^ + (r 1 ); p a (r 2 ), j 2 (r 2 ) are the corresponding quan¬ 
tities for the transition y^(r 2 )-* 0 _(r 2 ); Pv Pi and tv J2 re f® r respectively to 
the “exchange” transition ^>( r i)-^0 + (r a ), „.(r 2 ); hv — E a + E + — 

E_ — Ep and the suffixes 1, 2 distinguish the two electrons. 

This formula takes account of spin-spin interaction, retardation and 
electron exchange. The functions tjr a , ^ are normalized to unit volume as 
usual, while <j, i + , <j>„ must have the asymptotic forms of plane waves of unit 
amplitude together with the corresponding spherical waves. 


Detailed evaluation of cross-section for 

ANNIHILATION BY A^ELECTRONS 


We first assume that the energy of the incident positron is so high that 
the wave function <j) ^ is adequately represented by a plane wave. Since the 
ejected electron has a kinetic energy of over 2 x 10 6 e-volts, in all cases the 
wave function <f>_ can always be taken as a plane wave. 

Choosing the polar axis along the direction of motion of the incident 
positron we have, for a chosen spin direction of the positron, 

A + = ckJ(E + + mc 2 ). 

For the ejected electron we have, for the two possible spin orientations 



(j>i = n - r {-d_eo8&,~d...Bin#e^, 1,0},' 

</>l ~ (1 4 -^li)” 1 c <k - n -*{ ~ZLsin#cA\/L cos 0,1}, 

A_ = £&„/(#_ +me 2 ). 

n($, <j>) is a unit vector in the direction of ejection of the electron. 
The K wave functions are as usual, 


( 4 ) 


with 


i}r a » N k g(r) {- iA 0 cos 0 , - iA 0 sin 1,0}, 'l 
rjr 0 = N K g(r) {id 0 sin - iA 0 cos 6 ,0, - 1}, j 
g(r) — 

^ 0 = r(i+V( 1 -r 2 ))- 1 




22J\l+*V(l-y») 

*o) 


(i+Vd -r«)) 1 * 

87rr(l + 2 v /fl-y*])j 


y m 2nZe t jhc. 


(5) 
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Z is the effecti ve nuclear charge and a 0 the radius of the first Bohr orbit of 
hydrogen. 

Using these wave functions the charge and current densities p ls p a , PvPt\ 
j 1? j 2 , y v j 2 may be calculated without difficulty. It is then found that inte¬ 
grals of the type 

JJexpfi^.Zi -k x n .r a 4 2 m>r i2 4 - m'0 2 ) - Z{r x 4 r 2 )/a 0 } 

x Pf( cos 9 X ) Pf'(Qm 0 2 ) (r t r 2 ) ' /(l ~v* ) " 1 r~ x \dT l dT 2t (6) 

with l f V ss 0 or 1, occur in the matrix elements. These may be evaluated by 
using the expansions: 

e ik + z = E (2n -f 1) a n (r) P n ( cos 9 ), 
e a_n. r = T(2ft+ l)y?„(r)P n (cos0), 

r -! e 2n<„„,c = r (2» + 1) f n (r v r t ) P,i T ~ *A , 

\ r l ? 2 I 


where cos 0 - r~ x n. r, 

a » = (W 2 ^+ r )‘ inJ n+i(k+r), 

/l n = (n/ 2 k_r)H-irJ n+i (lc_r), 

K(r v r t ) = ^(>' 1 r 2 )~* {iJ„ +i (2nvrJc) 

+ JL„_ 1 (27TW 2 /c)},r 1 <r 2 , 


( 8 ) 


together with the integral and addition formulae for spherical harmonics. 
On carrying out these calculations we obtain, for the matrix elements 
A x , A z corresponding to the two final states of the ejected electron which 
differ in spin orientation: 



16 n*N%( 1 4 A 2 + )-i (1 + A l )-* E n 


P l n (oo^{h)e^A lny 

P„(cos#M 2m , 


where 


(9) 


A ln - 3 A__(a n ^ x 8 n „ x fi n „ x -a Hfl <J /l+1 y? n+1 ) 

4 6 v +ift n 0f T( _ j 1 A* “ *b ^n+1 ) 

— id 0 zl + A _(<x n 8 n fi n „ x — oc n 8 n ft n +i 4 cc n 8 n _ x ji n - X — & n <^ n 4*i /^n-f l) 

+ d§/J„(a n _ 1 <J n y? M _ 1 — d§.d + (a n £ n+1 /? n — oc n 8 n _ x fi n )\ 

( 10 ) 
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A% n — (2w +1) A + <x. n 8 n /3 n 3A_(nac n _iS n _ 1 J3 n _i + w + 1 a a+1 S n+ ifi n+ i) 

+ t'^ 0 (wa„_ 1 ^ B _ 1 /? B + n+ 1 ®»+I + «<*»-1 <*»/?« + » + r a n+l ^nfin) 

+ + A>-1 + *+Ta»*n + lA*+l + fin-1 

+ h+l OC n S nfin+l) + 34g J+(n+I <X n S n+1 fi n + 7lX n S n ^ n ) 

-A$A_(n+l a n+1 S n fi n+1 + na n _, (11) 

Here we have written for brevity 


= fjWi) a «( r i) <t( r i> r 2 > fiw<( r t) 9 (r 2 ) rfrldr 1 dr 2 . 


( 12 ) 


Integrating over the angles of ejection one obtains for the total cross- 
section for this annihilation process 


Q 


25fi7T 3 N 2 K k_( 1 + k* + )* (1 + kt )» 


trawi «*; r - srn + * >' ^ 


1 4 1 2 l 

I ^2*1 I /» 


(13) 


where hj2mnc y c and m have been taken as units of length, velocity and mass 
respectively, and r 0 = e?/mc 2 . 

As far as can be ascertained from his paper,* Brunings makes the approxi¬ 
mation of neglecting A f , A 0 , all retarding effects and all terms in the series 
excepting those involving ct 0 8 0 /1 0 . With these approximations 


_ 2y(10y* + k% + kV> _ . 

u o/ o ~ (kl + y 3 ) (k\ + y*)(4 } *+ (k+ -ki )} (4y 2 + (k + + kj*} ’ [ ) 


or, neglecting further k +t y in comparison with 


a o^oA) 


| ( n+r*)-‘. 


(15) 


Substituting in (13) gives us an expression for Q which we call the “non- 
relativistic' 1 approximation. 

Numerical calculations were carried out for positrons of ehergies 10 r \ 
3 x 10 5 and 5 x 10 6 e-volts using formula (13) and also the “non-relativistic” 
approximation. In evaluating (13), the integrals a v £ u /? u , were calculated 
by double numerical integration as it is not possible to obtain closed 

* It would seem from Brunings paper that ho neglects spin-spin interaction as 
well as retardation. To his approximation this would give a vanishing cross-section 
but he obtains our non-relativistic approximation, apart from a factor of 9, by 
using wave functions for the if-shell corresponding to positive electrons in the field 
of a negative charge. 
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expressions for them. The convergence of the series in (13) arises from the 
decrease of J u ^(k + r) at small r with increase of u, so terms involving values 
of u greater than 3 were unimportant in all cases. Results of the calculations 
for lead are given in Table I, rows II (formula (13)) and III (“non-relati- 
vistic” approximation). 


Effect of repulsion of positrons by the atomic nucleus 


In deriving the formula (13) the distortion of the incident positron wave 
functions by the atomic nucleus was ignored but for the lower energies this 
becomes important. To allow for this we replace the expression (3) by the 
following which represents the wave function of an electron in a state of 
negative kinetic energy* moving in the Coulomb field of a charge Ze : 


^ + -(l+/1 2 h )“i(C0, -d +l O)* + (r)t 

X+ (r) = iZ\nC' n + (« + 1) Cm + nB n C„ + (» + 1) B. „_ x f M+1 ] (- 1 )" i>,(e ob0). 

where £„ - ( 2/ <4 r )'' a e_<k ’ r ex P( - \ m l + l**P) 

x 1 F 1 (p+ 1 — iq\ 2/» + 1; 2 ik + r). 


C = / ^2pVi? ) ( 2A + r ) p " le ' <fc+rex P( - bnq-lnip) 
x x b\{p~iq\ 2 / 0 + 1 ; 2ik + r); 


B n m exp(2ti/_„_j) = 

p = ( n 2_y2)i ; 


* + *?' r (P+l±M er ni P 
p + iq l'(p +1— iq) 


V = ~T’ g' = ?(l-</c 2 )*. 


Equations (10) and (11) for the matrix elements then remain unaltered 
provided equation (8) for a is replaced by the expression: 

* This may be obtained from the corresponding wave function for an electron of 
positive kinetic energy given by Mott (1932). 

f It is, of course, not strictly correct to write <j>+ in this form when dealing with a 
Coulomb field. The second and fourth components do not vanish completely nor is the 
third component exactly A + times the first, as would be the case for plane waves. 
However, the effect of these modifications will be slight compared with the distortion 
of the plane waves by the nucleus. 
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Table I. Cross-sections for annihilation of positrons 

BY THE K -ELECTRONS OF LEAD 


Energy of incident positron in e-volts 

10 s 

3 x 10 6 

5x 10* 

Cross-section in 10~ 26 cm. 4 ; 

I. Allowing for repulsive effect of the nucleus 

01 

0*35 

0*2 

II. Using plane waves for positron wave functions 

1-6 

1*4 

0*9 

III. “Non-rolativistic M approximation 

6*7 

0*4 

0*05 


To obtain numerical values for the new integrals a M the distorted 
wave functions (17), for the positron energies considered, were evaluated 
numerically from the series for the hypergeometric functions involved. In 
fig. 1 a typical wave function is illustrated. The effect of the nuclear repulsion 
is clearly revealed in the reduced amplitude of the function at small r. 
Having obtained the values of the distorted wave function at a sufficient 
number of points the calculation of the double integrals proceeded as before. 
The distortion was only taken into account for the first two terms of the 
series (17), its effect on higher terms being unimportant. Values obtained 
in this way for lead are given in the first row of Table I where they may be 
compared with those obtained without allowing for the nuclear repulsion. 



Fig. J. Wave-function for a position of 100,000 e-volts energy and zero angular 
momentum in the field of the lead nucleus (curve I). Curve II represents the plane 
wave function for this case. Both functions are normalized to unit amplitude at 
infinity, p is the momentum of the positron, 

Neglect of the influence of retardation is mainly responsible for the 
difference between the values in the second and third rows of Table I for 
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low positron energies. At higher energies the chief defect of the “non- 
relativistic ” approximation is that it neglects the higher terms of the series 
in (13). Comparison of the values in the first and second rows shows that 
the repulsive effect of the nucleus is less pronounced as the positron energy 
increases, in accordance with expectation. 

Table II. Cross-sections for annihilation of positrons of 10 s bi- 

volts ENERGY BY VARIOUS PAIRS OF ELECTRONS IN THE LEAD ATOM, 
CALCULATED TO THE " NON-RELATIVISTIC ” APPROXIMATION 


Electrons 

Cross-section 

concerned 

(in 10~ 86 cm. 8 ) 

K, K 

0*7 

L lt K 

2*5 

K 

0*6 

L\t 

0*1 


4*1 


1*5 

'II, XII » IIP 

Very small 


Annihilation by electrons in other atomic shells 

Exact calculations for annihilation by other pairs of atomic electrons 
would involve prohibitive labour so an estimate was made of the probable 
contribution from such processes by making the same approximations as 
those employed in deriving the “ non-relativistic ” formula for the K- 
electrons. Although the absolute values obtained in this way will be far from 
correct it is likely that the relative values will be sufficiently correct for 
our purpose. The results obtained in this way for lead are given in Table II. 
These show that it is reasonable to conclude that the contribution to the 
total radiationless annihilation cross-section from other pairs of atomic 
electrons is not likely to be much greater than twice that from the two 
^-electrons alone. 


Concluding remarks 

It appears then that the total cross-section for radiationless annihilation 
involving pairs of electrons within lead atoms has a maximum value of 
between 1 and l-5xl0~ 26 cm. 2 for incident positrons of energy 3xI0 5 
e-volts. This is to be compared with the value 1-9 x 10~ 23 cm. 2 for the one- 
quantum radiative annihilation by electrons of the same atom. As remarked 
earlier the radiationless process bears the same relation to the radiative one 
as Auger transitions between the L and K shells of heavy atom do to 
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emission of K .X-radiation. The ratio of the Auger to radiative transition 
probability decreases with increase in the energy change of either electron 
involved and is about 5 x 10~ 2 for the heaviest atom (in which the energy 
change is greatest) (Massey and Burhop 1936). A ratio of 10“ 3 is therefore 
not unexpected for the case we have been considering for here the energy 
change, being about 2 x 10 6 e-volts, is much greater still. 

It appears, by comparison with the cross-section for radiative annihila¬ 
tion that about one positron in 10,000 would be annihilated by a radiation¬ 
less process. As strong positron sources are now available from artificially 
radioactive sodium it should be possible to observe the process in a cloud 
chamber. It would give rise to quite a characteristic appearance in the 
chamber, a slow positron entering a thin sheet of lead and emerging as an 
electron of energy greater than 10 6 e-volts. 


Summary 

When mutual annihilation occurs on collision of an atomic electron and 
a positron the energy liberated, instead of appearing as radiation, may be 
absorbed by a second atomic electron, resulting in its ejection from the atom. 
In this paper the probability cross-section for this radiationless annihilation 
process involving the A"-electrons of a lead atom is calculated with accuracy, 
account being taken of the repulsive influence of the nucleus, retardation, 
spin-spin interaction and electron exchange. Estimates are also made of 
the contributions from other pairs of electrons and the conclusion is finally 
reached that the total cross-section for radiationless annihilation by lead 
electrons attains a maximum value of between 1 and 1*5 x I0~ 26 cm. for 
positrons with energy 300,000 e-volts. The possibility of observing the 
phenomenon is briefly discussed. 
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Tile two-stage auto-ignition of hydrocarbons 
and “knock” 

By G. P. Kane, Ph.D. 

{Communicated by A. C. CL Eger ton, F.lt.S.—Received 17 March 1938) 

Introduction 

The investigations of Townend and co-workers ( 1934 ) have revealed that 
the spontaneous ignition of higher paraffins in admixture with air consists 
in certain temperature ranges usually between 270 and 400° C M of a two- 
stage process, preceded by a time interval t x prior to the appearance of a 
cool flame, and a subsequent interval t 2 before the occurrence of normal 
ignition. The reactions involved may be indicated as proceeding from 
A->B~> C, where B denotes the rapid formation of intermediate products 
by the passage of a cool flame. Above and below this temperature range the 
ignitions are no longer composite and after a time interval t appear to result 
directly from the process A CL 

Apart from their intrinsic interest, these results have a practical bearing 
on the problem of “knock** in internal combustion engines. For, whereas 
the minimum pressures for ignition in the cool flame region of the paraffins 
and olefins containing more than three carbon atoms have been shown to 
be related to their knocking propensities in engine practice, non-knocking 
fuels such as methane have failed to reveal any cool flame systems at all, 
even at pressures up to 30 atm. While the precise mechanism of “knock” 
is as yet not entirely understood, it is generally recognized that the pheno¬ 
menon arises as the outcome of the passage of an explosion flame through a 
fuel-air mixture which has attained a state of enhanced chemical reactivity 
(cf*. Egerton and co-authors 1938 ). 

Although, in laboratory experiments upon spontaneous ignition, a vari¬ 
able interval usually of a few seconds or more precedes the appearance of 
flame, increased initial pressure progressively shortens such induction lags; 
and it appeal's very probable that at the pressures attained in an internal 
combustion engine a very high degree of chemical reactivity bordering on 
spontaneous ignition would be attained in the medium ahead of the flame 
within the maximum available time interval of approximately 0*005 sec* 
The apparatus employed by Townend and co-workers, however, precluded 
attempts at any measurements of induction lags much less than 1 sec., and 
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the present paper embodies an account of a further investigation of the 
matter. 


With regard to the kinetic aspect of the subject, it may be recalled that 
Neumann and Egorow ( 1932 ) showed that in the spontaneous ignition of a 
CH 4 -f0 2 mixture at a constant temperature of ca. 700° C., the relation 
between the induction lag t and the pressure P (combustible + oxygen) 
could be expressed by the relation tP n — constant, the value of n being 1 * 8 , 
As the reaction obeys the law w = Ne& T > the approximate condition for 
explosion is given by <fit ~ constant. Taking into consideration the kinetics 
of the reaction, the relation should read as tp 1 -*e~ ifmo/T — constant, and 
this gave results differing little from those found by experiment. 

Neumann and Aivazov ( 1936 ) have recently extended these investigations 
to the induction lags for cool flames in pentane-oxygen mixtures, and have 
derived the following expression to account for the influence of factors such 
as temperature, increased initial pressure, nitrogen dilution and vessel 


diameter 


t = Aerf* 


a + b/d*_y 

IT iNJIP) 


1 


in which A y a, b and r are constants, P is the total pressure and P 0 the 
minimum pressure for the propagation of a cool flame. 

When the pressure (P) and the induction lag (£) were the only variables, 
the relation t(P — P 0 ) n = constant was found to hold and the value of n for 
pentane was equal to 2 . When P exceeded a certain critical value, the cool 
flame gave rise to a normal ignition following a second time interval. 

Neumann and Tutakin ( 1936 ) and Andreev ( 1937 ) have studied the 
transition of cool flames into normal flames in equimoleeular butane-oxygen 
mixtures by means of pressure-time records obtained with a low-pressure 
silica bourdon gauge. They confirmed that over the temperature range 
287-441° C., the process of inflammation is characterized by two stages; 
a cool flame being first formed which gave rise to a number of intermediate 
products, the secondary oxidation of which leads to the normal flame. It 
was also claimed that the second induction period increased with tem¬ 
perature, this being ascribed to thermal instability of an intermediate 
product. At 461° C., the cool flame disappeared entirely, and it was also 
very feeblebelow 279° C. At 321 °C. the induction lags decreased progressively 
with increasing initial pressure, and at the same time the cool-flame inten¬ 
sity became greater. It was concluded that chain reactions played an 
important part in the subsequent ignition with chain breaking at the walls 
of the vessel, although there was also evidence of some self-heating of the 
mixture. 
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Prettre ( 1936 ) has recently studied in some detail the influence of varia¬ 
tions of pressure, temperature and mixture composition on the lags prior to 
cool-flame formation during the combustion of pentane-oxygen mixtures. 
Between 260 and 300 *0., at any given temperature, the variation of the 
induction lag was expressed by the equation tPcPt 1 = constant, where 
t — induction lag, Pc = partial pressure of combustible and Pt » the total 
pressure. This expression was assumed to apply whether the reaction led to 
a cool flame or to normal ignition, and also when nitrogen was added as a 
diluent (Pt in this case being equal to the sum of the partial pressures of 
combustible and oxygen). The experiments were restricted to pressures 
below 1 atm., and the induction lags to those greater than 1 sec.; but the 
general applicability of the expression led Prettre to conclude that by 
extrapolating to higher pressures in the region of 10-15 atm., ignition lags 
at 350° C. would be reduced to less than see. for pentane-air mixtures 
and he agreed that “knock can logically be attributed as if it is an instan¬ 
taneous spontaneous ignition which is imposed under the conditions of 
temperature and pressure obtainable in the engine cylinder 

Some recent experiments in these laboratories (as yet unpublished) by 
Dr M. S. Hsieh upon the propagation of cool flames initiated by a heated 
wire in cold tubes through ether or higher hydrocarbon-air/oxygen media, 
have also shown that under conditions where a normal flame results in the 
products left by the passage of a cool flame, increase of pressure favours a 
progressive shortening of the interval necessary for its initiation. 

While the investigations referred to have indicated the general influence 
of increased initial pressure in shortening the induction lags prior to the 
initiation of both cool flames and the ignitions to which they give rise, the 
extreme violence associated with ignitions at pressures much exceeding 
the minimum ignition pressure has precluded any extended examination of 
the matter in the direction of the compression pressures attained in engine 
practice. It was therefore a matter of importance to devise means by which 
it would be possible to study how far kinetic interpretations such as have 
been proposed, are applicable to the two-stage auto-ignition of higher hydro¬ 
carbons, over adequate ranges of initial pressures. 

In order to attain this end an optical device operating in conjunction 
with a disk manometer was developed, with which it is possible to obtain 
records of the induction lags prior to ignition with an accuracy of jfo sec. 
and relating to explosive media at pressures up to 15 atm. The present paper 
describes the apparatus employed and the results obtained with propane 
and propylene at temperatures between 330 and 440° C. These materials 
were studied in the first place because the induction lags associated with 



65 


The two-stage auto-ignition of hydrocarbons 

their ignitions are longer than those with higher hydrocarbons, and it was 
therefore possible to measure them over adequate pressure ranges. 


Experimental 

Apparatus. The filling system employed was similar to that used in 
previous work on this subject in these laboratories (ef. Kane, Chamberlain 
and Townend 1937 ). To facilitate rapid filling, however, the length of all 
capillary connexions was reduced to a minimum. 

The recording mechanism was similar to that described by Crowe and 
Grimshaw ( 1931 ) for measuring the pressures developed in explosions of 
propellants. The principal working member was a light piston made from 
brass tube 0*20 in. in diameter, one end being tapered to a point which 
rested at the centre of the disk d (fig. I). Any pressure exerted on the disk 
caused a small movement of the piston which was magnified optically in the 
usual way by means of the angular movement imparted to a mirror M , 
suspended by two (one being divided) flat spring steel strips. One end of 
each strip was fixed to a projection from the mirror holder and the other 
to the base B in such a way that the two springs were set in a plane at right 
angles to one another, to give a cross-spring suspension. A third short strip 
connected the mirror holder with the piston head so that any movement of 
the piston forced the holder to rotate through an arc of a circle. 



m"HH i 1 1 1 1 1 ri 

1 2 3 4 5 t> 7cms 

Fig. 1 . The mirror system and disk manometer. 


Vol. CLXVII. A, 


3 




66 


G. P. Kane 


A steel mirror, 40 cm. focal length and platinized to avoid corrosion, was 
mounted in the holder, and the light from a pointolite source reflected from 
it as a sharp vertical line on the recording paper fastened to the drum of the 
camera (fig. 2); the distance between the mirror and the camera being 
about 80 cm. 



Fig. 2 . The filling system and the pressure-recording mechanism. 


An electrically controlled tuning fork of a frequency of 100 per sec. inter¬ 
cepted the path of the beam and served as a measure of time, the pressure¬ 
time records being obtained in the form of a dotted line. The thickness of the 
disk was such that a change in pressure of 0-05 atm. produced a visible 
deflexion of the beam; when the ignitions were violent, however, the 
reflected beam was deflected beyond the width of the recording paper. 
Systematic calibration of the disks was riot attempted, the purpose of the 
present investigation being primarily to detect the moments of initiation of 
cool and normal flames and to estimate the induction lags with accuracy. 

The explosion vessel w as mounted in such a way that the mirror fitting 
and its supports just projected from the furnace in order to maintain them 
at a temperature considerably lower than that of the furnace. By so doing 
the mirror retained its polish and the springs their elasticity throughout the 
experiments. 

Liners of mild steel (3-2 x 15 cm.) were employed in the explosion vessel. 
The ignitions at higher pressures being very violent and of the detonating 
type, particularly when undil uted combustion-oxygen media were employed, 
gave rise to pressure waves in the elongated chamber and caused a per¬ 
manent set in the recording disk. In many of the experiments the disk was 
therefore protected by a blank steel plug which restricted the explosion 
chamber to a length of 3*5 cm. 
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Ilford Recorder Cine Bromide paper was employed for the photographic 
work. 

Proceedure. The propane and propylene used in the experiments were 
obtained from cylinders supplied by the Ohio Chemical Company, U.S.A., 
and were of purity 99*9 and 99*5 %, respectively. When oxygen alone was 
employed for the explosive mixtures the latter were made up for each experi¬ 
ment by the method of partial pressures, while when air was used the mix¬ 
tures were made up and stored under pressure. All observations relate to 
mixtures in which the ratio between the combustible and oxygen was in the 
proportion 1:3. This ratio was selected in order to avoid the violence of the 
ignitions of mixtures containing more oxygen, as well as the deposition of 
carbon associated with mixtures containing a greater defect of oxygen. . 

The object of the investigation being a study of the influence of increasing 
pressure on the two-stage auto-ignition of higher hydrocarbons, the tem¬ 
perature of the experiments was usually between 330 and 400° C., but some 
records were obtained above this range to compare the influence of initial 
pressure on the single stage normal ignition. 



f'Ui. 3 . Spontaneous ignition temperature curve for the 0*5 % propane-air mixture 
in the shorter cavity. Arrows illustrate where the variation of induction lag with 
increasing pressure has been studied. Shaded area denotes the region whore cool flames 
only are observed. 

In fig. 3 a curve has been drawn showing the variation with temperature 
of the minimum pressure requisite for the normal ignition of the propane-air 
mixture. At any selected constant temperature a series of experiments was 
carried out, beginning at the minimum pressure indicated on the curve; 
m subsequent experiments the initial pressures were gradually raised to a 
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degree when the ignitions were either dangerously violent or the lags too 
short for accurate recording. 

Before carrying out an experiment the explosion vessel was first of all 
evacuated by means of an Hyvac pump for 15 min. The time requisite for 
filling usually amounted to 0*20 sec. with the shorter and 0*45 sec. in the 
case of the less frequently employed longer cavity; this time varied slightly 
with pressure. The records showed that thermal equilibrium had been 
established in the mixture at the end of the filling operation. 




r/ | 


Fig. 4. A reconstruction of pressure-time records obtained with the propane-air 


mixture at 360° C., indicating the decrease of induction lags with pressure, 

Pressure in t x t % Total time lag 

Curve 

atm. 

sec. 

sec. 

sec. 

A 

5*25 

1*75 

0*61 

2*36 

B 

5*55 

1*68 

0*50 

2*18 

C 

6*80 

1*36 

0*19 

1*55 

D 

7*45 

1*34 

0*14 

1*48 

E 

9*30 

_ 


0*29 

F 

11*00 

— 

— 

0*10 
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Results 

The curves A to F, fig. 4, illustrate records obtained of ignitions of a 
propane-air mixture in the cool-flame temperature range. The time interval 
from the moment P on the curve to the point C measures the induction lag 
prior to the formation of a cool flame and will be referred to as t v During i x 
pressure increase is not appreciable, and that accompanying the cool flame 
is indicated by the sloping part of the curve GR. A subsequent slow increase 
in pressure preceded true ignition, which occurred at /. The induction lag 
between the cool-flame formation G and the occurrence of true ignition at 
1 is denoted by t 2 . The curves have been reconstructed on the same scale in 
fig. 4 to show the decrease in t x and t 2 with increasing pressure for the pro¬ 
pane-air mixture at 360° C. A record as actually obtained for the type of 
ignition illustrated by curves A artd B , fig. 4, is reproduced in fig. 4a; it 
should be understood that this record was originally fastened to the camera 
drum and that the curve is continuous as indicated by the asterisks. The 
period of interruption is 8ec * 



Fig. 4 a. Reproduction of an actual pressure-time record. 


As the initial pressure was raised the intensity of ignition became greater; 
also, its influence was more marked in reducing t 2 than t v and on the attain¬ 
ment of a critical pressure this eventually resulted in the occurrence of true 
ignition apparently without the prior separate formation of a cool flame. 
The elimination of t % also corresponded with a sharp acceleration of the pre¬ 
ignition reactions, the induction lag now diminishing with surprising rapidity 
even for very small further pressure increments, so that at pressures above 
12 atm. the explosive mixtures ignited before the filling operation was com¬ 
plete. Reference to Tables I and II show this behaviour to be quite general 
with the propane-air mixture, irrespective of the experimental conditions, 
although the actual pressure in any particular case, at which the transition 
from a two- to a single-stage process occurred, varied. If t lt t 2 and t x + 1 % are 
plotted against pressure, curves as illustrated in fig. 5A (cf. a temperature 
of 352° C., Table II) are obtained. 
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Table I. Influence of pressure on induction lags with a 
6-5% PROPANE-AIR MIXTURE. EXPLOSION CAVITY 3-2 X 3-5 CM. 
Pressure in atm. 



Propane + 


Induction lags in sec. 



Temp. 

oxygon 

Total 

^ -- — 

-*- 

— 

> 


°C. 

Pt 

P 


h 

ti + t 2 

t\Pt 

{<i 4* t 2 ) Pt 

335 

1*47 

5*65 

8*92 

0*78 

9*70 

13*12 

14*28 


1*60 

6*15 

8*06 

0*44 

9*10 

13*85 

14*56 


1-82 

7*00 

8-30 

0*20 

8-50 

15*14 

15*60 


203 

7*80 

8*05 

0*05 

8*10 

16*30 

10*40*- 


2*31 

8*90 



t = 0*39 


tPt = (0*90)*- 






Mean 14*60 

15*46 

348 

1*35 

5*20 

3*46 

0*95 

4*41 

4*68 

5*90 


1*44 

5*55 

3*30 

0*60 

3*96 

4*85 

5*72 


1*61 

6*20 

2*80 

0*35 

3*21 

4*61 

5*17 


1-83 

7*05 

2*54 

0*24 

2*78 

4*66 

5*09 


2*08 

8*00 

2*41 

0*14 

2*55 

5*00 

5 31*- 


2*08 

10*30 



£ = 0*12 


tPt ss (0-889H- 


2*88 

11*10 



0*04 


(0*333) 







Mean 4*76 

5*45 

353 

1 37 

5*28 

3*30 

0*48 

3*78 

4*53 

6*18 


1*42 

5*45 

3*20 

0*33 

3*63 

4*53 

500 


1*03 

6*25 

2*90 

0*20 

3*10 

4*73 

6*05 


1*85 

710 

2*62 

0*08 

2*70 

4*06 

4*98 


205 

7*90 

2*53 

0*03 

2*56 

6*18 

5*25*- 


2*28 

8*75 



t = 0*32 


tPt^( 1-16)<- 


2*38 

9*10 



0*30 


(1*70) 







Mean 4*73 

5*09 

360 

1*30 

5*25 

1*75 

0*61 

2*36 

2*38 

3*22 


1*44 

5*55 

1*08 

0*60 

2*18 

2*43 

3*14 


1*60 

6*15 

1*33 

0*32 

1*66 

2*13 

2*04 


1*77 

0*80 

1*30 

0*19 

1*55 

2*41 

2*74 


1*94 

7*45 

1*34 

0*14 

1*48 

2*59 

2*87*- 


2*42 

9*30 



t = 0*29 


ii 

o 

o 

T 


3*02 

11*00 



0*10 


(0*30) 







Mean 2*39 

2*92 

367 

1*32 

5*08 

1*34 

0*75 

2*09 

1*77 

(2*70) 


1*42 

5*45 

1*17 

0*51 

1*08 

1*66 

2*38 


1*56 

6*00 

1*08 

0*31 

1*39 

1-69 

2*17 


1*74 

6*70 

0*92 

0*17 

1*09 

1*61 

1*00 


1*95 

7*50 

0*72 

0*13 

0*85 

1*41 

1*06*- 


2*42 

9*30 



t = 0*09 


tPt = ( 0 * 22 )*- 







Mean 1*59 

1*95 





t 


tPt 4 


437 

1*35 

5*20 


4*84 


16*26 



1*43 

6*50 


3*24 


13*48 



1*68 

6*10 


1*90 


12*07 



1*74 

6*70 


1*21 


11*1 



1*93 

7*45 


0*78 


10*9 



2*12 

8*15 


0*49 


9*83 



2*37 

9*10 


0*33 


8*06 



2*48 

9*55 


0*24 


9*05 



2*91 

11*20 


0*10 


7*23 



«- Indicates the pressures between which the two stages are replaced by 
a single-stage process. 
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Table II. Influence of pressure on induction lags with a 
6*5% propane-air mixture. Explosion cavity 3*2 x 15 cm. 


Pressure in atm. 



Propane -f 


Induction lags 

in sec. 



Temp. 

oxygen 

Total 

/ . 

-*- 


-> 


°C. 

Ft 

P 

h 

k 

<i+t s 

t^Pt 

(h + k)P* 

347 

1*22 

4*70 

3*58 

0*93 

4-51 

4*38 

(5*62) 


1*29 

4*97 

3*46 

0*66 

412 

4*47 

6*32 


1*44 

5*53 

3*15 

0*41 

3-56 

4*53 

5*11 


1*63 

6*28 

2*80 

0*24 

304 

4*57 

(5*41) 


1*78 

6*85 

2*49 

0*20 

2'69 

4*43 

4*78 


1*99 

7*65 

2*19 

0*11 

2-30 

4*17 

4*58 


2*26 

8*70 

1*84 

0*10 

1-94 

4*17 

4*39«- 


2*76 

10*60 



t = 135+ tPt 

= (3*72)<- 


3*09 

11*90 



0*74 


(2*29) 







Mean 4*39 

4*75 

352 

1*18 

4*55 

2*23 

0*88 

311 

2*64 

(3*68) 


1*29 

4*95 

2*08 

0*49 

2*57 

2*68 

3*31 


1*44 

5*55 

1*68 

0*38 

2*06 

2*42 

2*98 


1*57 

6*05 

1*47 

0*22 

1*69 

2 31 

2*66 


1*78 

6*85 

1*49 

0*08 

1*57 

2*66 

2*80 


1*81 

7 12 

1*34 

0 11 

1*45 

2*43 

2*63 


1*99 

7*65 

1*44 

0*08 

1*52 

2*86 

3*20 


2*52 

9*70 

1*18 

0*05 

1*23 

2*98 

3*10-*- 


2*75 

10*60 



t = 0*34 

tPt 

“ (1*78)4- 


3*07 

11*80 



0*22 


(0*68) 







Mean 2*62 

2*95 

374 

1-22 

4*67 

0*96 

0*81 

1*77 

1*166 

(2*17) 


1*29 

4*95 

0*85 

0*63 

1*48 

1*096 

1*91 


1*42 

5*45 

0*71 

0*38 

1*09 

1*006 

1*54 


1*66 

6*40 

0*70 

0*17 

0*87 

1*165 

1*45 


2*10 

8*07 

0*50 

0*14 

0*64 

1*048 

1*342 


2*52 

9*70 

0*35 

0*09 

0*44 

0*883 

1*11 ■ 4 * 


2*86 

11*00 



t =0*17 

tPt 

= (0*49H- 


3*04 

11*70 



0*13 


(0*42) 


3*28 

12*60 



0*04 


(0*13) 







Mean 1*061 

1*47 
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Table III. Influence of pressure on induction lags with a 

6-5% PROPYLENE-AIR MIXTURE. EXPLOSION CAVITY 3*2 X 3'5 CM. 


Pressure in atm. 


Temp 

°C. 

351 


368 


380 


Propylene -f 


Induction lags 

in sec. 



oxygen 

Total 

r ' 

- * - 




Ft 

P 

h 


h + h 

t x PP 

(h+tt) Pi* 

1-06 

4*07 

28*97 

0*73 

29*70 

(33-0) 

(33*9) 

M3 

4*36 

18-70 

0*51 

19*21 

24*0 

24*6 

1*29 

4*96 

12*70 

0*19 

12*89 

2M 

21*4 

1-47 

5*65 

901 

0*09 

9* 10 

10*4 

19*6 

1-61 

6*20 

7*04 

0*00 

7*10 

18*3 

18*5 

1*93 

7*05 

5*35 

0*05 

5*40 

19*95 

20*3 

2*09 

8*06 

4*08 

0*05 

4*13 

17*9 

18*1 

2-40 

9*24 

3-22 

0*04 

3*26 

18*6 

18*85 

2*81 

10*80 

2*88 

0*05 

2*93 

22*7 

23-1 

2*99 

11*50 

2*51 

0*06 

2*57 

22-5 

22*9 





Mean 

20-6 

20*8 

1*04 

4*00 

12*64 

0*66 

13*30 

(13*66) 

(14-38) 

M3 

4*33 

9*01 

0*49 

9*50 

(11-46) 

(12-07) 

1*26 

4*87 

6*70 

0*55 

7*25 

10*72 

11-58 

1*43 

5*50 

4*91 

0*19 

5*10 

10*00 

10*41 

1*61 

6*20 

3*37 

0*29 

3*66 

8*76 

9*52 

1*85 

7*10 

2*57 

0*23 

2*80 

8*78 

9*56 

2*11 

8*10 

2*01 

0-17 

2*18 

8*86 

9*62 

2*41 

9*25 

1*66 

0*12 

1*78 

9*62 

10*32 





Mean 

9-46 

10*17 

1*05 

4*04 



12*10 


(13*36) 

M3 

4*33 

7*90 

1*77 

9*67 

(10*04) 

(12*28) 

1*26 

4*85 

5-05 

0*65 

5*70 

8*02 

9*06 

1*42 

5*45 

3*80 

0*41 

4*21 

7*62 

8-43 

1*63 

6*25 

2*73 

0*22 

2*95 

7-24 

7-82 

1*93 

7*05 

2-12 

0*13 

2*25 

7-92 

8*40 

2*11 

8*10 

1*56 

0*17 

1-73 

6*93 

7*70 

2*42 

9*30 

1-21 

0*14 

1*35 

7*07 

7-88 





Mean 

7-47 

8-20 





t 


tPt * 

0-99 

4*20 



6*02 


(5*92) 

1-21 

4*65 



3-67 


5*36 

1*31 

5*05 



2*97 


5-09 

1*64 

5*90 



1-94 


4*57 

1*75 

6*72 



1*38 


4*22 

1*97 

7*57 



1*08 


415 

2*18 

8*40 



0*91 


4*32 

2-47 

9*50 



0-69 


4*17 

2*83 

10*90 



0-61 


4*94 

3*23 

12-80 



0*34 


(3*55) 

3*80 

14-60 



0-17 


(2*46) 


Mean 4<72 


437 
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Table IV. Influence of pressure on induction lags with a 
6-5% propylene-air mixture. Explosion cavity 3*2 x 15 cm. 
Pressure in atm. 


Propylene *f 


Induction lags in sec. 



Temp. oxygen 

Total 

^ - 

-*- 

- , 



°C. Pi 

P 

h 

h 

h + h 

hPP 

(h + t % )PP 

366 0*78 

3*00 

33-69 

5*31 

39*00 

(20*50) 

(23*72) 

0-83 

318 

29-07 

2*93 

32*00 

(19*94) 

(21-95) 

094 

3*60 



19*60 


(17*16) 

098 

3*78 

14-79 

2*21 

17*00 

(14*30) 

(16*46) 

109 

4*20 

11 11 

1-89 

13*00 

13-25 

15*50 

1-24 

4*77 

7*47 

1*53 

9-00 

11-49 

14*00 

1*35 

5-20 

6-02 

1-01 

7*03 

11*00 

12*86 

1*54 

5*90 

4-29 

0*81 

5*10 

10*14 

12*04 

1*77 

6-78 

3-23 

0*44 

3*67 

10*10 

11*42 

1*99 

7*66 

2-47 

0-23 

2*70 

9*81 

(10*72) 

2*39 

9*20 

1 -99 

0*19 

2*18 

11*38 

12*47 

2*76 

10*60 

1*53 

0*15 

1*68 

11*63 

12*75 

3*28 

12*60 

1*17 

0*07 

1*24 

12*58 

13*34 

3*82 

14*70 

0*94 

0-04 

0*98 

13*72 

14*30 





Mean 

11*49 

1319 

380 0*81 

3*10 

30-97 

2*83 

33*80 

(20*18) 

(22*02) 

0*87 

3*33 

19*67 

2*13 

21*80 

(14*75) 

(16*35) 

099 

3*82 

12-95 

2*05 

15*00 

(12*76) 

(14*78) 

1*24 

4*75 

6*24 

0*79 

7 03 

9*53 

10*74 

1*46 

5*60 

3*82 

052 

4*34 

8*10 

9*20 

1*72 

6*60 

2*58 

022 

2*80 

7*55 

8-19 

2*02 

7*77 

1-72 

018 

1*90 

7*02 

7*76 

2*47 

9*50 

1-36 

■ 0*11 

1*47 

8*31 

8*98 

2*99 

11*50 

0-82 

0*06 

0*88 

7*73 

7-88 

3*51 

13*50 

0*62 

0*04 

0*66 

7*63 

8*12 





Mean 

7*98 

8*90 


Table V. Influence of pressure on induction lags with a 

25% PROPANE-OXYGEN MIXTURE. EXPLOSION CAVITY 3*2 X 3*5 CM. 


Temp. 

Pressure in 
atm. total 

Induction lags in sec. 

. A_ 

t - 



°C. 

Pt 

h 

h 

h + h 

378 

1*70 

0*40 

0*66 

1*06 


1*76 

0*42 

0*44 

0*8« 


1*92 

0*35 

0*24 

0*59 


2*03 

0*30 

0*23 

0*53 


210 

0*25 

0*16 

0*41 


2-24 

0*17 

0*13 

0*30 

402 

1*68 



t = 1*45 


1-77 



1*09 


1*92 



0*59 


2*14 



0*34 


2*30 



0*17 

434 

1*66 



3*29 


1*73 



2*83 


L80 



1*45 


197 



0*04 
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Table VI. Influence of pressure on induction lags with a 
25% PROPYLENE-OXYGEN MIXTURE. EXPLOSION CAVITY 3*2 X 3'5 CM. 



Pressure in 

Induction in 

lags sec. 



Temp. 

atm. total 

t . 




°C. 

Pt 

h 

t. 

h+h 

t t Pt* 

(*i + <t) Pt* 

376 

0*90 



14*00 


11*3 


0-99 



10-00 


9*8 


1*17 

705 

0-66 

7*60 

9*66 

10*4 


1-48 

4*70 

0-33 

5*03 

10*3 

11*0 


1-64 

4-31 

0-25 

4*56 

11*6 

12*25 






Mean 10*62 

10*96 

407 

0*93 



7*45 


6*41 


1 09 

5*43 

0-62 

6*05 

6*41 

7*41 


1*25 

5-30 

0-68 

5-98 

(8*27) 

(9*33) 


1-50 

3-32 

0-53 

3*85 

7*47 

8*66 


1*64 

2*20 

0-44 

2*64 

5*92 

7*10 






Mean 6*60 

8*30 


The behaviour of the propylene-air mixture (Tables III and IV) differed 
somewhat from that of the propane-air mixture, for an increase in pressure 
was recorded before the appearance of a cool flame; moreover, the cool 
flames were so feeble that t x and t 2 could not be separately measured at the 
lowest pressures. The curve for t x + t s (fig* 513) was also quite smooth, and 
not only were the lags very much longer but there was no indication of any 
rapid decrease in the induction lags at a critical pressure over the range 
studied as had been observed with the propane-air mixture. 

At temperatures above 410° C., with both propane and propylene ignition 
was always preceded by a gradual pressure rise indicative of a slow reaction, 
and the induction lags decreased quite regularly. 

So long as the two-stage process was operative the relation between 
induction lags and initial pressure was found in all cases to obey the general 
expression tPt n = constant, where Pt = the sum of the partial pressures of 
combustible and oxygen. Thus, between 330 and 400° C. the relationships 
t x Pt - constant and (t x + t u ) Pt = constant held satisfactorily in the case of 
propane. When the two-stage was replaced by the single-stage prooess tPt 
ceased to be a constant and had a rapidly diminishing value. Above the 
cool-flame temperature range, e.g. at 437° C., the expression tPt n = con¬ 
stant was found to hold best when n is between 4 and 5. 

In the case of propylene, the relation + < 2 ) Pt 2 =* constant was found 
to hold over the whole temperature range investigated, a similar relation 
t x Pt 2 = constant being also applicable in respect of the cool-flame lags 
whenever they could be separately estimated. 

With propane, t 2 was initially sometimes as long as t x (of. Table I), though 
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it always decreased more rapidly with increase in pressure; and, although 
the minimum ignition pressure was greater by about 0*6 atm. when the 
shorter cavity was in use, the two-stage gave place to the single-stage 
process at a pressure lower than that found with the longer cavity. 

With regard to the relationship between the spontaneous ignition experi- 



Fia* 5. Variation of induction lags with pressure. A. Propane-air mixture at 
362° C. Curves 1, 2 and 3 represent the variation of t lt t t and t x + t v respectively. 
B. Propylene-air mixtures at 366° C. Curves 1, 2 and 3 represent the variation of 
h* h and t x respectively. 
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ments under pressure and ‘‘knock ”, it is important to note that with both 
propane and propylene at pressures much above the minimum required for 
spontaneous ignition, the latter were accompanied by a sharp metallic 
“knock” and were so rapid and violent that the manometer disk was 
frequently subjected to permanent deformation. In the case of propane 
this was first observed at pressures corresponding with the transition from 
the two- to the single-stage ignition and with propylene above 10 atm. 

When hydrocarbon-oxygen mixtures undiluted with nitrogen were used, 
the ignitions were so sensitive to shock effects that reproducible results 
could not be obtained unless the filling time was increased almost to 1 sec. 
Under conditions where the induction lags were of the order of 2 sec. or 
more, as was the case with propylene over the pressure range covered, the 
slower rate of filling had no appreciable influence and the previously deter¬ 
mined relationships were found to hold (see Table VI). With propane, 
however, the subsequent reaction rate was so rapid that it was considered 
inadmissible in most cases to calculate in detail numerical constants and 
derive expressions for the variation of induction lags with pressure. Still it 
can be seen from Table V that the general influence of pressure is similar 
to that observed with propane-air mixtures. 


Discussion 

The work as a whole has directed attention to the difference between the 
relative influence of the cool flame reactions on the auto-ignition of propane 
and propylene respectively (cf. Kane and Townend 1937 ). To compare 
the change in their reaction velocities with rising temperature, in fig. 6 , the 
induction lags for the two-stage ignitions at constant pressures 

of 5*7 and 7*1 atm., have been plotted against temperature. With propane 
the resulting curves have a minimum at ca. 400° C., corresponding with a 
maximum speed of reaction near the upper temperature limit for cool 
flames and agreeing with similar observations relating to a negative tem¬ 
perature coefficient of reaction velocity (cf. Newitt and Thornes 1937 ). 
With propylene, however, the curve exhibits no irregularity and the 
reaction velocity as indicated by the induction lags rises regularly with 
temperature. It appears likely, therefore, that in the case of propane, the 
cool flames arise as an outcome of a primary oxidation, but with propylene 
only from a slower secondary process less likely to influence the main reac¬ 
tion. In neither case do the results agree with the observation of Andreev 
with butane-oxygen mixtures (loc. cit.), that the sum of t x + t a is practically 
a constant over the temperature range 333-461° C. 
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It has also been discovered that at a critical pressure, in any particular 
case, the reactions involving a two-stage process abruptly cease to function. 
Moreover, they become so rapid that a kinetic interpretation based on the 
lines suggested by Neumann or Prettre (cf. Introduction) and derived from 
experiments carried out at low pressures, is* no longer tenable. 

The oxidation of the higher paraffin hydrocarbons may be regarded as 
involving two co-existent processes involving chain reactions, such as 


and 


A 


h 


A 


k a 

-> C, 




(1) 

( 2 ) 



Fjcj. 6. The variation of induction lag with temperature, for constant pressures. 
Propane: curves 1 and 2, at 7-1 and 5-7 atm. respectively. Propylene: curves 3 
and 4 at 7-1 and 5-7 atm. respectively. 
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where (1) denotes the two-stage process with a comparatively stable active 
intermediate compound JS, and (2) a direct oxidation which may consist of 

several transitory stages. The process B -► C is apparently sensitive to 

rise in temperature or pressure, both of which favour an acceleration of k 2 
and a rapid diminution of the induction lag t 2 . The overall rate of reaction 

from A -► C in (1) likewise depends upon the ratio k 2 (k v the two velocity 

constants, and will generally increase with temperature. But the stability 
of B has a dominating influence on the processes giving rise to cool flames, 
and at ca . 400° C., when the rate of its decomposition is presumably faster 
than that of its formation, there is a limit to cool-flame initiation. The 
reaction centres arising from the oxidation of B appear to be also capable of 

directly inducing the reaction A -► C and thus of accelerating & 3 , with 

the result that at sufficiently high pressure reaction (2) will become dominant 
and the slower two-stage process eliminated. With the propane-air mixture, 
a pressure of about 8 atm. conditions such a transition and the subsequent 
induction lags decrease very rapidly with further increase in initial pressure. 
Above 400° C., owing to the rapid decomposition of B f the acceleration of 
the process indicated by by mutual interaction becomes less with rise in 
temperature, thus accounting for the observed decrease in reaction velocity 
in this region. 

In the case of propylene the ignition seems to be mainly the outcome of 
(2), for the cool flames giving rise to B appear only as the outcome of a later 
stage in the oxidation process. Consequently its concentration is never large 
enough seriously to influence the velocity of reaction k 2 until very much 
higher pressures are reached than in the case of propane. 

It is also now clear that under the conditions prevailing in internal 
combustion engines the slow-combustion processes would lead to a single- 
stage ignition and that cool flames would have no measurable separate 
existence. The present investigation has also shown that if induced by the 
spontaneous reactivity of the charge ahead of the flame, the ultimate ex¬ 
plosion will always be of a knocking type, provided a critical pressure 
characteristic of the mixture has been attained, Moreover, it can now be 
seen that the conditions referred to would occur at pressures lower than 
those which could hitherto have been predicted from determinations of 
the lags at pressures not greatly exceeding the minimum ignition pres¬ 
sures. 

No attempt has yet been made to study the influence of pressure on the 
induction lags of hydrocarbons containing more than three carbon atoms; 
for, while much the same behaviour might be predicted as has been found 
with propane and propylene, the rate of reduction of lag with pressure would 
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probably be so rapid as to render impossible such a detailed study of the 
processes operative as has now been made. 

It is also a matter of interest to observe that extrapolations from the 
figures given in Tables II and IV would indicate that for ignition to occur 
at say 360 ° C., within a time interval of 0*005 sec. the pressures necessary 
would exceed 12 atm. for the propane- and 15 for the propylene-air mixture, 
respectively. In order to attain such pressures adiabatically the compression 
temperatures would no doubt exceed the upper cool flame limits (fig. 3) as 
may be seen from the following approximate figures due to Pye ( 1931 ): 



Max. compres¬ 

Max, compres¬ 

Compression 

sion pressure 

sion temperature 

ratio 

(lb. per sq. in.) 

°C\ 

4 

92-5 

313 

5 

125 

362 

0 

159 

399 

7 

195 

434 


Beyond the cool-flame limit the reaction velocity for propylene continues 
to increase while that for propane temporarily decreases (cf. fig. 0 ). This 
accounts for the apparent anomaly of the knock-rating for propane ( 12 ) 
being greater than that for propylene (8*4). With all higher hydrocarbons 
the pressures and temperatures required for the attainment of similar 
conditions would probably fall within the cool-flame ignition range, and the 
requisite pressures would probably be much lower than for propane, as is 
indicated by the difference in the critical compression ratios for 4 ‘knock*'. 

The author is greatly indebted to Dr D. T. A. Townend for many valuable 
discussions and to the University of Bombay, India, for the grant of a Sir 
Mangaldas Nathubhai Technical Scholarship, during the tenure of which 
this work was carried out. 


Summary 

Previous investigations into the spontaneous ignition under pressure of 
the higher paraffins and olefins containing more than three carbon atoms 
have shown that in the temperature range between ca. 270 and 400° C., 
ignition occurs by a two-stage process preceded by an induction lag t x before 
the formation of a cool flame and a second lag t 2 before the subsequent 
ignition of the cool-flame products ; increasing pressure shortens both these 
lags, and although kinetic relationships have been developed it has not been 
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possible adequately to test them hitherto, owing to the extreme violenoe of 
the ignitions at pressures much above the minimum ignition pressure. 

An optical recording manometer is described whereby it has been possible 
to measure t x and t 2 at pressures up to 15 atm. with an accuracy of sec. 

With propane t 2 decreases more rapidly than t x with increasing initial 
pressure, and at a critical pressure (about 8 atm.) the two-stage is replaced 
by a single-stage process; the induction lag then decreases very rapidly with 
pressure. With propylene, where the induction lags are much greater, no 
such transition had occurred at pressures up to 12 atm. 

The bearing of these results, both on the nature of the kinetic processes 
operative and on the problem of “knock”, is briefly discussed. 
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The disintegration of boron by slow neutrons 
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[Plates 0-7] 

The disintegration of boron by neutrons has been studied by a number 
of workers, and it has been established that it may take place in accordance 
with two equations 

6 B 10 + 0 n l 8 Li 7 + 8 He 4 + Q v ( 1 ) 

-> X H 3 4 - 2 He 4 + 2 He 4 4 * <*} 2 - ( 2 ) 

Prom the values of the nuclear masses at present accepted, it may be 
calculated that the energy release Q x is 2*99 x 10 e e-volts, while Q 2 is only 
about 0-4 x 10 6 e-volts. Observed disintegrations, if caused by slow neutrons, 
must therefore be of the two-particle type described by equation ( 1 ). 

The results of experiments carried out by different methods are not in 
very good agreement. More especially are previous range determinations 
in the cloud chamber open to very serious objections. For these reasons it 
was felt that the existing situation might be clarified by a more extended 
study of the ranges of the disintegration products in a cloud chamber. 

The experiments now to be described were begun in the early summer of 
1936. When about 500 photographs had been taken one of us (W. T. D.) 
left Cambridge. The measurements and subsequent work were carried out 
by the other author. The yield from the first source not being satisfactory, 
it was decided to make a fresh determination using a much stronger source. 
The published curves are based entirely on this second series of photographs. 

Previous methods of investigation 

Five distinct methods of investigation have been brought to bear on this 
problem: 

( 1 ) Ionization chamber coupled to a linear amplifier (Chadwick and Gold- 
haber 1935 ; Amaldi, d’Agostino, Fermi, Pontecorvo, Rasetti and Segr 6 1935 ; 
Wahlen 1936 ), 

( 2 ) Ionization chamber and Hoffmann electrometer (Rotblat 1936 ). 

♦ 1851 Exhibition Scholar, National University of Ireland, 
t At present at Bedford College, London. 
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( 3 ) Proportional Geiger-Miiller counter (Haxel 1937 ; Fiinfer 1937 ). 

(4) Impregnated photographic emulsion (Taylor and Goldhaber 1935 )* 

(5) Range determinations in cloud chamber (Kurtschatow, Kurtschatow 
and Latychew 1935 ; Roaf 1936 ). 

As we have observed, the agreement between these independent deter-* 
minations is not satisfactory. The electrical counting methods agree in 
assigning to the lithium particle a range dying between 3 and 4 mm., and 
to the a-partiele a range between 8 and 9 mm. Haxel ( 1937 ), however, 
finds three distinct ranges (4*1. h-4, 9*4 mm.). The first of these he attributes 
to the lithium particle, and the others to a-particles of which, presumably, 
that having a range of 6*4 mm. would correspond to the formation of the 
lithium nucleus in an excited state. The results of the expansion chamber 
and photographic emulsion experiments are inherently much less con¬ 
clusive. In either method the same difficulty arises. Owing to the negligible 
momentum of the incident neutron, the conservation laws require that the 
lithium and helium nuclei be emitted in opposite directions. While, there¬ 
fore, the sum of the ranges may be measured with reasonable accuracy, the 
calculation of the fraction of the total length due to each is subject to great 
uncertainty. An attempt to deduce this ratio from theoretical considerations 
has been made by Roaf ( 1936 ), but the result for RJR U of 0*915 may be 
shown to proceed from false assumptions. Kurtschatow and others ( 1935 ) 
arrived at an estimate of the partition ratio by measuring the lengths of the 
particles in disintegrations caused by neutrons of appreciable momentum. 
In such cases the nuclei will be emitted at an angle to each other which is 
different from 180°, thus rendering the point of origin clearly visible. This 
procedure is obviously unsatisfactory, and also leads to values for the ranges 
which are too high. Two methods remain which are free from objection. 
According to the measurements of Fiinfer ( 1937 ) the density of ionization 
along the track of a lithium nucleus of 4 mm. range is about twice that of an 
a-particle of the same range. Although, apparently, this difference cannot 
be appreciated by eye, it should be quite feasible to arrive at an accurate 
estimate by photometry of the combined track.* The other method is the 
one which we have used and will now describe. 

Experimental method 

It will be clear that to calculate the total energy release in any two-particle 
reaction, it is necessary only to determine the range of one particle, if for that 

* This is the experimental method used by Bower, Bretschor and Gilbert as 
described on p. 94, 
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particle the law connecting range with energy is known. In the case under 
discussion it is a consequence of the conservation laws that the total energy 
release Q x is ty- times that of the a-particle. This may be calculated from its 
range using the range-energy relations. It is unfortunate that the range of 
the a-particle lies in just that region for which the range-energy relations 
are most in doubt. Recently, however, a redetermination has been carried 
out in this laboratory by Blewett and Blewett.* As we shall see later there 
is considerable ground for the belief that their results may be more reliable 
in the region of ranges less than 1 cm. than others hitherto proposed. 

In our experiments the boron, instead of being present in the chamber 
in the form of a gaseous compound, was spread in an even layer on the surface 
of a thin copper foil. The foil extended diametrically across the chamber 
and was stretched tightly between glass supports so that its plane was 
accurately at right angles to that of the chamber which was horizontal. 
The appearance of the foil as viewed by the cameras may be judged from 
fig. 5 , Plate 5 . It is visible as a thin white line extending across the chamber 
and joining the two circular supporting buttons. The origin of any track 
arising in the boron layer could be fixed to better than 0*2 mm. 

Amorphous boron was finely powdered and mixed with distilled water. 
The suspension so formed was painted on to the copper using a camel-hair 
brush. In the first series of experiments an attempt was made to spread 
a layer of negligible stopping power (1/100 mg. boron per cm. 2 ), and although 
this appeared fairly even when examined under a low-power microscope, 
it is believed that it is practically impossible to spread a really uniform 
thin layer using such methods. On the other side of the foil a much thicker 
layer was painted, the stopping power of which was in excess of a centi¬ 
metre of air. 

In the second series of experiments one side of the foil was left free from 
boron, while a tliick layer was applied to the other. The advantage of the 
thick layer is that no difficulty can arise owing to slight inequalities in 
thickness, and the larger yield of particles allows of an accurate measurement 
of the ranges by inspection of the shape of the number-range curves. 

The chamber 

The chamber was of a standard piston design 17 cm. in diameter and 

cm. in depth. The cycle of operations was controlled by an automatic 
drive of the type described by Blackett (1929). No new feature was incor¬ 
porated. In order to minimize the heavy background caused by electron 
recoils from the y-radiation from the Ra-Be source a difference of potential 

* In coin's© of publication. 
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of about 250 V was maintained continuously across the chamber* This also 
aided the selection of tracks of a suitable age for measurement* Tracks of 
particles which had entered the chamber before the completion of the 
expansion, and for which, in consequence, the stopping power of the chamber 
gas could not be calculated, are separated into two parallel lineB of droplets. 

Stopping power of chamber gases 

The gas in the chamber consisted of a mixture of about 80 % helium, 
20 % air and water vapour, and had a stopping power for 8 mm. a-particles 
which varied between 0*241 and 0*209 in different runs. In no single run, 
however, was the variation between the initial and final values greater than 
0*5 %. The helium used to fill the chamber was 99*9 % pure and was made 
available through the courtesy of the Director of the Royal Society’s Mond 
Laboratory. It was collected and stored over water. At each filling this 
stored helium was fed into the chamber through an absorption system 
consisting of a P 2 0 5 drying tube in series with a tube filled with animal 
charcoal and immersed in liquid air. Thus, since the constitution of the 
chamber gases was known with great accuracy, and since the stopping 
power of helium for a-particles at various portions of the range has been 
carefully measured by Gurney (1925), it was not deemed necessary to 
calibrate the chamber at intervals by means of a-particles of known range. 
Instead, the pressure of the chamber gases with the piston in the “ ex¬ 
panded” position, and the room temperature, were read at the beginning, 
middle, and end of every run. 

From these observations, and the value of the barometric pressure, the 
stopping power of the gas at the instant of track formation could readily 
be calculated. Correction was made for the fact that the final pressure as 
recorded by the chamber manometer was slightly lower than that at which 
the tracks were formed. This is due to the deceleration of the piston at the 
end of its range of travel by a leather washer which served to seal the 
chamber. Details of such calculations have been given by Nimmo and 
Feather (1929). 

The source 

In the first series of experiments, the source consisted of a radium- 
beryllium “standard ”, the effective strength of which, in respect of neutron 
emission, was 66 millicuries of radon. Owing to the poor yield, the second 
series was carried out with a radon-beryllium source of initial strength 
300 millicuries. Fig. 1 shows the experimental disposition. The source ( 5 ) 
was surrounded by a lead cylinder 2 cm. in thickness and supported centrally 
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in a paraffin block 22 cm. in diameter. The chamber was screened from the 
direct y-radiation of the source by a wedge of lead 10 cm. in length and 
8 cm. in depth, which was incorporated in the paraffin. In order further to 
increase the concentration of slow neutrons in the chamber, paraffin castings 
were supported in the positions shown in the diagram. 



0 cm. 10 

i_*_*_._._i 

Fig. 1 


Photographic arrangements 

The tracks were photographed by means of a pair of cameras, the axis 
of one being at right angles, and that of the other at an angle of 70 ° to the 
horizontal plane of the chamber. The lenses were by Taylor Hobson and 
had a focal length of 35 mm. They could be worked at a maximum aperture 
of// 2 - 5 . The photographs were taken on 35 mm. standard cin6 film (Ilford 
fine-grain Ortho). The magnification was about 1/10. 

Appearance of tracks 

The appearance of the photographs may be seen from fig. 5 , Plate 5 , 
which shows two typical disintegration particles together with the track 
of a proton recoil which passes through the thin copper foil (stopping power 
for a-partioles 4-5 cm.). It will be noticed that the tracks are not visible 
right up to their points of origin, but that the foil is surrounded on each side 
by a dark region in which no condensation takes place. This is to be attri¬ 
buted, among other things, to the heat capacity of the foil which prevents 
the surrounding air being sufficiently cooled by the expansion to produce 
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supereaturation. Heavy particles are of course visible in other regions of 
the chamber and are of two types: (a) fine tracks of proton recoils, (6) denser 
tracks of helium recoils, both being produced by elastic collisions with 
neutrons which have escaped slowing down in the paraffin. It is therefore 
conceivable that such particles may be produced not far from the foil, and 
passing into the region of no condensation be mistaken for disintegration 
particles. The total number of these recoil particles was small, and the 
number traversing planes parallel to the foil in different regions of the 
chamber was quite negligible in comparison with the total number of 
disintegrations observed. Furthermore, when the lengths of such tracks were 
measured from their origins to the points of intersection with the reference 
lines, they were not found to fall into any particular range group. Thus, even 
if such recoils are included in the measurements, they cannot influence the 
form of the range-number curves. The elimination of protons causes no diffi¬ 
culty, both on account of their distinctive appearance, and of the fact that a 
proton recoil produced near the foil is, in most cases, visible on the other side 
(fig. 5 , Plate f>). The precaution was taken in the second series of mounting 
the foil so that the boron-coated side faced the direction of the source. In this 
way it was hoped to diminish the possibility of including in the measure¬ 
ments particles resulting from disintegrations caused by neutrons of 
appreciable momentum. 


Measurement of tracks 

In all about 2000 stereoscopic pairs of photographs were taken, 500 in 
the first series, and 1500 in the second series. About 250 cases of disintegra¬ 
tion were suitable for measurement. The measurement of the ranges was 
carried out in two ways in order to obtain the maximum of information. 
A large number, 180 in all, were measured by stereoscopic reprojeotion 
through the cameras, using the method described by Nuttall and Williams 
( I 93 0 )* (In brief, a movable set of pins is adjusted so that each pin occupies 
the same position on both the direct and oblique images.) In this series 
each track was examined to see if the line of the track passed through the 
foil. As a precaution those tracks were rejected as suspect, of which the 
origins appeared to be very near the top edge of the foil. Actually, as we 
have seen, the number of recoils which would pass through the plane of the 
foil was negligibly small. This method was not very suitable for the measure¬ 
ment of short-range particles owing to the fact that the ends of many were 
obscured by patches of cloud due to the diffusion out from the region of no 
condensation of ions which had not been fixed by water droplets. This 
diffuseness rendered setting of the pins a matter of some difficulty. For these 
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reasons no evidence was found here for the existence of the 4 mm. group 
of lithium particles. Each track which was examined by reprojection was 
measured by three separate settings of the pins. In the majority of cases 
the range values so obtained were consistent to 5%, and in the most 
favourable (small obliquity freedom from stray cloud, etc.) to as good as 
2 %. Owing to the large number of tracks available no attempt was made 
to increase the accuracy of the individual measurements beyond these 
figures, since the dependence of the shape of the range-number curves on 
small errors in the ranges is slight, if a sufficient number of tracks be measured 
to satisfy the limitations imposed by statistical fluctuations. 

Measurements were also made of the projected lengths of the tracks in 
the object planes both of the direct and oblique cameras. The photographs 
were printed on to photographic paper. The magnification was determined 
by printing, at the same setting of the projector, negatives of a scale 
photographed in the object planes of the cameras. Direct comparison of 
the print with the original scale gave the appropriate magnification.* 
These measurements were checked by comparison with those of tracks which 
had previously been shown by reprojection to lie in a horizontal plane. 
The agreement was very satisfactory. Some 230 tracks were measured in 
this way. 


Discussion of results 

Pig. 2 shows the averaged results of the enlarger measurements on the 
separate direct and oblique images. Below is the range-number histogram, 
and above the integrated curve, i ,e. the number of tracks greater than a given 
range plotted as a function of range. Pig. 3 gives the integrated curve for 
the reprojection measurements. 

Before proceeding to interpret these figures we may discuss briefly the 
type of range-distribution curves to be expected on theoretical grounds 
for particles arising from neutron disintegrations in thick layers of the 
target substances. A thick layer is here understood to be one which has a 
stopping power in excess of the range of the most energetic particle pro¬ 
duced. Neglecting effects due to straggling and scattering, and assuming 
(a) that the spatial distribution of the disintegration particles is isotropic, 

* Owing to the finite depth of focus the value of the magnification fi appropriate 
to tracks in a plane through the centre of the foil will not hold for those in planes 
through the top and bottom edges. Calculation showed that /i was 3 % high at the 
top edge and 4 % low at the bottom, so that errors due to these causes will average 
out in a large series of observations. 
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and (6) that the reaction probability is not a function of the depth of 
penetration into the layer, it may readily be shown that the number of 
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particles having emergent ranges between r and r+dr is given by a function 
of the type 

(3) 

where at = depth of the condensation free space already referred to (about 
1 mm. in these experiments). 




The disintegration of boron by slou) neutrons 89 

Furthermore, the number of particles having emergent range greater than 
r will be given by 

*-£('-£)* <4) 

where R « the unretarded range of the group of particles under con¬ 
sideration. 



Fig. 3 


It follows from ( 3 ) that the slope of the integrated curve is independent 
of r for values of r which are great compared to a, so that the curve 
is a straight line which cuts the axis at r = R. A more rigorous calcu¬ 
lation which takes account of straggling has been given by Livingston 
and Bethe ( 1937 a). For disintegrations caused by neutrons where the 
energy of the disintegration products is not a function of the depth in 
the layer of their points of origin, they show that the integrated curve is 
a straight line which gives directly on extrapolation, the mean ranges 
of the particles coming from the top layer. For comparison with the 
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experimental results fig. 4 shows (A) the range-number curve and (B) the 
integrated range-number curve plotted for four groups of particles of ranges 
4-1, 5-0, 7-1 and 8-8 mm., the respective relative intensities 1*0, 0*25, 1-0 
and 0-25. (A) is drawn from equation (3) and (B) from equation (4) above. 



0 2 4| | 6 f 8 f 10 


4-25 5 715 8-9 

Range (mm.) 

Pig, 4. Number of heavy particles. 

It will be seen that the range values may be deduced from the position 
of the points of inflexion. In virtue of Livingston and Bethe’s calculations 
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the ranges so obtained will be mean ranges, and the corresponding particle 
energy may be obtained without further correction from the range energy 
relations. 

Bearing these facts in mind, the interpretation of the curves is clear. 
In fig. 2 three separate breaks occur in the integrated curve. These corre¬ 
spond to ranges of 4*25, 7*1 and about 8*9 mm. The 4*25 mm. range 
corresponds to the lithium nucleus, but the others must be due to a-particles. 
In fig. 3 (reprojection measurements) groups are again in evidence at 7*2 
and 8*9 mm., while the 4*3 mm. group does not appear for reasons already 
discussed. The agreement between the results of the reprojection and en¬ 
larger determinations is satisfactory. The points of inflexion correspond, 
as we have noted, to mean ranges, and hence the energy releases may 
be calculated directly from the range-energy relations. 

Owing to the small numbers involved, the determination of the exact 
point of intersection with the iV-axis of the long-range curve is a matter 
of some difficulty, and in consequence the relative intensity of the two 
a-particle groups cannot be fixed with any precision. The total number of 
particles which had ranges greater than 7-3 mm. was 15. Each one of these 
tracks was very carefully measured by reprojection and its general appear¬ 
ance examined with a view to deciding its direction and whether or not it 
was a proton. In at least thirteen cases the question could be answered with 
certainty, and in the two remaining cases the general appearance strongly 
favoured the belief that they were a-particles. The “tail” on the curve 
cannot be ascribed to straggling of particles from the 7 mm. group. For 
particles of this range the straggling is less than 2 % = 0*15 ram. These 
longer range particles cannot he helium recoils passing into the condensation 
free space surrounding the foil, since their number was about equal to the 
average number of recoils of whatever range passing through planes drawn 
at random in the chamber. We must therefore conclude that the longer 
range group has a real existence. Fig. 7, Plate 7 shows one of these long- 
range particles. Its range was found by reprojection to be 9*2 mm. in 
normal air. The ratio of the intensities of the 9 and 7 mm. groups would 
appear from fig. 2 to be about 1: 3, but may easily be less. The ratio cannot 
well be less than 1:6, since it could scarcely be hoped to detect so weak 
a group of longer range particles. Comparison of fig. 2 with fig. 4 drawn 
for a ratio of 1 : 4 will serve to illustrate this point. 

It will also be seen that it is very difficult to detect the longer (5 mm.) 
group of lithium particles which should accompany the 8*9 mm. group of 
a-particles. 
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The accuracy of the measurements. 

The main sources of error in the present investigation are uncertainties 
in the values of the stopping power of the chamber gases, and of the magni¬ 
fications in the projection measurements. These are in the nature of syste¬ 
matic errors and cannot be expected to cancel out in a large series of 
observations. Owing to the precautions taken the stopping powers were 
probably known to 1 %. The magnifications may be in error by 2 %. Owing 
to the fact that the shape of the integral curves is known to be linear, errors 
due to faulty extrapolation may be expected to be less than those arising 
from the sources just discussed. 

The range of the 7 mm. a-group was found to be 7*2 mm. from fig. 3 
and 7*1 mm. from fig. 2 . That of the longer range a-group was 8*95 mm. 
from fig. 3 and about the same from fig. 2 . The lithium group had a range of 
4-25 mm. We may therefore write, allowing for the greater uncertainty in 
the longer a-group; 

R u = 4*25+02 mm., 

R Ai - 7*15 + 0*25 mm., 

R a% ~ 8*9 ± 0*4 mm. 

Energy release in the reaction 

Two sets of range-energy data have been used to calculate the energy 
release in the reaction. The first (B x ) are obtained from recent curves given 
by Livingston and Bethe ( 19376 )—and the second (J3 a ) from curves embody¬ 
ing the results of Blewett and Blewett ( 1937 ) which have been privately 
communicated by Professor Bethe. In the region with which we are con¬ 
cerned, the latter data predict an energy release some 15 % higher for a given 
range than those formerly accepted. Table I gives a synopsis of known 
evidence on this reaction. The ranges of the particles found by each author 
are given, together with the total energy releases ( E T ) calculated as that, 
of the a-particle E a . The difference between the total energy release observed 
and the value of Q x calculated from the mass values are listed under the 
headings A . The value of each of these quantities has been calculated from 
each of the two range-energy relations. 


Discussion 

Reference to Table I shows that the majority of previous workers are 
agreed on the question of the range of the lithium, and of the more 
energetic a-particies. With the exception of Haxel, however, no worker 
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Table I 



Ranges 

mm. air 15° C. 760 mm. 

E { 

X 

-gr 


d 


Author 

K 


R t 

bT 




bT^ 


Fiinfer 

8-6 

4*0 

12-6 

1*63 

1*85 

2-50 

2*90 

-0*43 

-0*09 

Rotblat 

8*2 

3*6 

11*8 

1*54 

1*77 

2-41 

2*78 

-0*06 

— 0*21 

Haxel 

9-4 

— 

— 

1*80 

1*98 

2-83 

3*11 

-0*16 

+ 0*12 


6*4 

4*1 

10*5 

1*17 

1*39 

1-82 

2*19 

— 1*17 

-0*80 

Prewent work 

8*9 

— 

— 

1*70 

1-91 

2-66 

3*00 

-0*33 

4-001 


7-15 

4*25 

11*4 

1*32 

1*56 

2-08 

2*45 

— 0*91 

- 0*64 

Wahlen 

8*5 

— 

— 

1*62 

1*83 

2-55 

2*87 

-0*44 

-0*12 


Max. rango 









Kurtschatow, 

(9*3) 

(3-0) 

(12*3) 







etc. 










Fermi group 

7-8 

— 

— 







Chadwick and 

>5 

— 

— 







Goldhaber 










Taylor and 

— 

— 

11*5 







Goldhaber 



±0*5 







Roaf 

5*5 

6*0 

11*5 







Q, = 2-99x 10« e-volts, 

B 10 = 

10*0163, 

He 4 = 

4*0039, 

Li 7 = 7 

•0182, 

n»= 1-0090. 


has reported the existence of a group of a-particles of shorter range. For 
this reason a careful examination was made of the range-number curves 
given by Haxel and Fiinfer. It was found that by redrawing their curves 
it was possible to bring their results more into agreement with ours. In 
particular, some evidence was found in Fiinfer’s curve for the existence of 
two groups of a-particles having ranges about 7 and 8-8 mm. By neglect¬ 
ing the “tail” in the distribution curve he was led to a figure of 8-6 mm. 
obtained by extrapolation of a straight line drawn evenly between all the 
points. It also seemed as if Haxel’s extrapolation led to too low a value 
for the shorter and too high a value for the longer a-particle groups. The 
fact that Rotblat finds a lower value both for the lithium and the maximum 
a-particle ranges, is possibly due to a doubtful method of calibration of his 
ionization chamber. The range of the lithium particle has been found by 
most workers to lie between 4-0 and 4-3 mm. It is reasonable to suppose 
that the true value is not far from 4*2 mm. The total length of the lithium- 
a-particle recoil has been found in three independent determinations (Roaf; 
Taylor and Goldhaber; Taylor and Dabholkar) to be about 11*5 mm. and 
11-4 mm. respectively. (The value (12*3 mm.) found by Kurtschatow, etc., 
is almost certainly too high for reasons which we have already disoussed 
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(p. 82).) Within the limits of error this figure is equal to (4*2 + 7*2) mm. This 
would constitute additional evidence for the existence of a strong group 
of a-particles of about 7 mm. range. We are therefore driven to conclude 
both from our own experiments and those of other investigators, that the 
a-particles produced in the reaction are emitted in at least two range 
groups.* Weaker groups of shorter range may, of course, exist but it cannot 
be hoped to resolve them by methods such as we have adopted. As already 
mentioned it would be difficult to resolve the two close lying lithium groups 
which would correspond to the two a-particle ranges. The agreement 
between our maximum range 8*9 mm. with that reported by Fiinfer 
( 8*0 mm.) and by Wahlen (8*5 mm.) is noteworthy, and lends considerable 
support to our belief that these authors failed to resolve the two a-particle 
groups. 

When this paper was in preparation for publication, the boron slow 
neutron disintegration was repeated in this laboratory by Bower, Bretscher 
and Gilbert. Using a boron rich gas in the expansion chamber they deduced 
the ratio /£ a /7? u by the method of track photometry already mentioned. 
Their result for the lithium range was 4*3 ± 0*3 mm. and for the a-particle 
group 7*0 ± 0*3 mm. both in excellent agreement with ours. They do not find 
any clear evidence for the existence of a longer a-particle group, and 
conclude that if such exists it must form less than 10 % of the stronger 
(7 mm.) group.f 

Energy levels of Li 7 

The values of 8*9 mm. and 7*15 mm. for the a-particle ranges receive 
further confirmation from independent evidence for the existence of discrete 
energy levels of the Li 7 nucleus. Bothe ( 1936 ) has examined the energy 
spectrum of the electrons produced in a thin lead plate by the y-radiation 

* It might be thought that the 8-9 mm. group of a-particles could correspond to 
cases of disintegration by neutrons of appreciable momentum. Assuming an energy 
release in the reaction of 2*45 x 10* e-volts (7*15 nun. range on the B t relations), 
it may be shown that in order to project 9 mm. particles backwards, the energy 
of the neutron must be about 2x10* e-volts. The reaction cross-section is extremely 
small for neutrons of this energy, so that this explanation of the origin of the longer 
range a-parti cl oh must be rejected. 

[f Note added in proof , 16 May 1938. It has been suggested to us that the 
particles forming the longer range group may be protons from the reaction 
6 B 10 + 4 Be 10 + jH 1 . The balance of energy in this reaction would result in a 

value for the proton range of 6*5 mm. It is just possible that errors in the values 
of the mosses or in the rang©-energy relations may be sufficiently large to justify the 
identification of these protons with the observed 8*9 mm. group. They cannot be 
identified with the 7*2 mm, group for the reason that the length of the Bo recoil 
track would be much less than the value of 4*2 mm. found for the tracks associated 
with this group.] 
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arising from the excitation without capture of lithium by a-particles. He 
reports two strong lines at 0*39 and 0*59 x 10® e-volts with, possibly, a weak 
combination line at 0*2 x 10 ® e-volts, Absorption measurements of this 
y-radiation have been made by Webster ( 1932 ), Savel ( 1935 ), Sehnetzler 
( 1935 ) and Speh ( 1936 ). Their values for the y-ray energies lie between 
0*5 and 0*7 x JO 6 e-volts. 

The reaction a Li° + 1 D*-* 8 Li 7 + 1 H 1 has been very carefully studied by 
Rumbaugh and Hafstad ( 1936 )—and again by Williams, Shepherd and 
Haxby ( 1937 ). Two groups of protons are emitted. The energy difference 
corresponding to the difference in range is found to be about 0* 4 x 10* e-volts. 
The latter authors also measured the energy of the y-ray by absorption 
and arrived at a value of 0*4 ± 0*025 x 10 ® e-volts. A recalculation of the 
figure given by Rumbaugh and Hafstad using amended range-energy 
relations and taking account of the energy of recoil of the lithium particle 
leads to a value for the excitation energy of 0*44 x 10® e-volts. 

Thus, no evidence has been advanced by these authors for the existence 
of the higher excitation level of Li 7 of 0*6 x 10 e e-volts reported by Bothe 
although a careful search was made for a third group of protons in the 
reaction quoted above. It is still a moot point, therefore, whether the Li 7 
nucleus has one or two low-lying excitation levels. Indeed it would appear 
as if one low-lying level only is theoretically possible. The next highest 
level would require to be at least 2 x 10 ® e-volts above the ground state. 
(Livingston and Bethe 1937 c). It is also possible, however, that transitions 
to the 0*6 x 10 ® e-volts level are forbidden in the nuclear reactions under 
consideration. 

The present results are in agreement with these observations. The energy 
difference corresponding to a-particles of 8*9 and 7*15 mm. range is 
0*58 x 10 ® e-volts on the older (B x ), and 0*55 x 10 6 e-volts on the newer (2? 2 ) 
range-energy relations. The values of A (Table I) calculated directly from 
masses are 0*91 (B x ) and 0*54 (i? 2 ). It is probable that the value of 
Q = 2*99 x 10 ® e-volts calculated from the masses is not seriously in error. 
It has been found by Savel ( 1935 ) and by Sehnetzler ( 1936 ) that the emission 
of neutrons in the reverse reaction, 3 Li 7 + 2 He 4 -* 5 B 10 -|- 0 w 1 -f Q' v does not 
begin until the energy of the a-particlea is 4*7 x 10 6 e-volts. This would 
make Q[ » - Q x = - 2*99 x 10 8 e-volts in exact agreement with that deduced 
from the masses. We may therefore conclude that Q x (above) is probably 
not far from 2*99 x 10 ® e-volts, and is certainly not greater. This seems to 
confirm the newer B % range-energy relations so that we may perhaps reject 
the value 0*91 x 10® e-volts for the excitation energy calculated from the 
earlier B x relations. 
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To sum up, the present experiment leads to values for the excitation 
energy of the Li 7 nucleus of 

(а) 0*55 ±0* 15 x 10 6 e-volts from the range difference of the a-particle 
groups. 

( б ) 0*54 x 10 B e-volts from the difference A between the energy release 
calculated from the accepted masses, and the energy release corresponding 
to the 7*15 mm. a-particles, the newer range energy relations of Blewett 
and Blewett being assumed throughout to be correct. 

The limits of error given above are those deduced from the experimental 
uncertainties only. 

Within these limits the results of the present investigation are in good 
agreement with the value 0*44 x i 0 # e-volts predicted by the ranges of the 
proton groups emitted in the reaction 3 Li° + jD 2 -> 3 Li 7 + 1 K 1 . At first sight 
it seems difficult to reconcile with our conclusion that in at least two-thirds 
of the disintegrations the Li is formed in an excited state, the observation 
of Kikuchi, Aoki and Husimi ( 1936 ) that the intensity of the radiation 
emitted by boron under slow neutron bombardment is only about 5 % of 
that emitted by cadmium under the same conditions. If it is remembered, 
however, that cadmium emits a number of y-ray groups per disintegration 
(probably greater than 7; cf. Griffiths and Szilard ( 1937 ), Fleischmann 
( 1936 ), Kikuchi, Husimi and Aoki ( 1936 )), and that, on the average, a Geiger- 
Muller counter will be about twice as sensitive to the y-rays from cadmium 
as to the softer radiation from boron, this difficulty of interpretation largely 
disappears.* 

The authors wish to pay tribute to the memory of the late Professor 
Lord Rutherford through whose hospitality and encouragement the present 
work was made possible. For many helpful discussions they wish to record 
their thanks to Dr M. Goldhaber who first interested them in the problem, 
to Dr N. Feather who also gave valuable criticism when the paper was in 
manuscript form, and finally to Drs W. B. Lewis and 0. Heil, 

One of us (C.O’C.) is indebted to the Royal Commissioners for the 
Exhibition of 1851 for a Science Research Scholarship, and the other 
(W, T. D.) to the Council of Selwyn College for a maintenance grant. 

Summary 

The disintegration of boron by slow neutrons— 5 B 10 *f 0 n l -> 3 Li 7 + *He d 4- Q x t 
—has been studied in an expansion chamber. Evidence has been found for 


* This suggestion has been put forward by Dr M. Goldhaber. 
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the emission of three groups of heavy particles of ranges 4*25 ±0*2 mm. 
7-15 + 0*25 and 8*9 ±0*4 mm. in air at 15° 0, and 760 mm. The 4*25 mm. 
group is clearly due to the lithium nucleus. On the basis of the recent 
range-energy determinations of Blewett and Blewett, the 7-15 and 8*9 mm. 
groups, which consist of a-particles, would lead, respectively, to energy 
releases of 2*45 x 10 6 e-volts and about 3 x 10 tt e-volts. Substitution in the 
equation of reaction of the values for the masses at present accepted, 
leads to a value for of 2*99 x 10 6 e-volts. The 8*9 mm. a-particlea would 
correspond, therefore, to the production of the Li 7 nucleus in the ground 
state, and the 7-15 mm. particles to an excited nucleus having an energy 
of 0*55 ± 0*15 x 10 6 e-volts above the ground state. 

Evidence bf\sed on the emission of two groups of protons in the reaction 

3 Li 6 *+ 1 D a -> a Li 7 + 1 H 1 

leads to the prediction of one low-lying excited state of the Li 7 nucleus of 
0*44 x 10 6 e-volts. This is confirmed by absorption measurements on the 
y-radiation accompanying this disintegration. The value 0*55 ± 0*15 x 10 6 
e-volts is in satisfactory agreement with the above figure. A study of the 
y-radiation arising from the non-capture excitation of the Li 7 by a-partioles 
would seem to indicate the presence of two low-lying excitation levels of 
0*4 and 0*6 x 10 6 e-volts, but it is possible that transitions to the 0*6 x 10 6 
e-volts level are not allowed in the above reactions. 
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Description of plates 
Plate 5 

Fig. 5. Two disintegration a-particlos issuing from the foil, the longer having a range 
of 6*2 mm,, and the shorter a range of 5*2 mm. A fast proton is seen to pass 
through the foil (stopping power for a-particles about 4*5 cm.). The heavy back- 
ground is duo to recoil electrons produced by the strong y -radiation from the 
source. 


Plate 6 

Fig. 6 . From the first series of photographs. A 6*8 mm. a-particle produced in a 
layer of boron of negligible stopping power. 

Plate 7 

Fig. 7. Two a-partioles from a thick boron layer (second series). The shorter particle 
has a range 4*8 mm. The longer (range = 9*2 mm.) is typical of the longer range 
group of a-partioles. The dark region within which no condensation takes place 
is clearly visible. 



The photochemical polymerization of methyl 
acrylate vapour 

By H. W. Melville 
Colloid Science Laboratory , Cambridge 

(<Communicated by E. K . Itideal , F.R.8.—Received 28 March 1938) 

The investigation of the polymerization reactions of ethylene derivatives 
has defined fairly clearly the nature of the substituents most likely to 
favour such a reaction. For instance, it is absolutely essential to have 
a -~CH a group at one end of the molecule, while the substituent attached 
to the other carbon atom at the end of the double bond may consist of 
a large variety of groups such as CH 8 , COOCH 3 , CN, halogen, OH~-CH g , 
etc. In the methyl methacrylate molecule, CH a —C(CH 3 )COOCH 3 , both 
groups attached to the a-carbon atom are separately capable of favouring 
the tendency to form polymers, the methyl group probably making a 
contribution small compared with that of the carboxyl group since propylene 
is rather difficult to polymerize. Consequently, if the methyl group is 
replaced by a hydrogen atom the ability of the molecule to polymerize 
should not be greatly altered. The experiments on the photo-polymerization 
of methyl methacrylate vapour (Melville 1937) have shown, however, that 
this methyl group may play an important part in determining what type 
of reaction stops the growth of the polymer and thereby limits its molecular 
weight. Indeed, it was suggested that the long life of the growing meth¬ 
acrylate polymer is entirely due to the immobility of the methyl group. 
This has the further consequence that the cross-linking of polymers, if 
branching could occur, should for the same reason be practically impos¬ 
sible—a suggestion compatible with the straight-chain characteristics of 
the methacrylate polymer. The question then arises as to what wall happen 
when the methyl group is replaced by a relatively more mobile hydrogen 
atom. This paper is therefore concerned with the photo-polymerization 
of methyl acrylate vapour which has been carried out under similar con¬ 
ditions to those obtaining with the methacrylate. 

Experimental 

The apparatus for the experiments at room temperature was identical 
with that used for the methacrylate vapour, while that for work at higher 
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temperatures consisted of a reaction vessel and a high-voltage mercury- 
neon lamp both enclosed in a suitable furnace (Melville 1936 ; Farkas and 
Melville 1936). The methyl acrylate as received contained 0*1 % hydro- 
quinone as a stabilizer. This was removed by repeated distillation of the 
liquid in vacuo. Particular care was taken to free the liquid from dissolved 
oxygen, since this gas is a strong inhibitor for polymerization. 



Km. 1 


Methyl acrylate polymerizes exceedingly rapidly when exposed to light 
of wave-length shorter than about 2700 A. With a mercury lamp yielding 
some 10 16 quanta/sec. at 2537 A incident on the reaction vessel of 100 c.c., 
half the vapour is polymerized in about 1 min., the initial pressure being 
50 mm., with the production of a dense cloud of solid polymer. In fact, 
the rapidity of the reaction makes it eminently suitable for demonstrating 
the photochemical polymerization of vapours to large audiences. The 
arrangement of the apparatus is shown in fig. 1 . A high-voltage cold 
cathode mercury lamp is most suitable, as the visible radiation is not very 
intense. The lamp is situated a few cm. from the cylindrical reaction vessel 
into which a parallel beam of light is projected from an arc or metal filament 
lamp. This serves to show up the formation of the cloud of polymer as it 
settles out of the gas phase. The liquid acrylate is distilled into a side tube 
to which is attached a U-tube manometer, so that the experiment can be 
repeated several times. The inhibition by oxygen can also be shown by 
admitting 0*1 mm. of 0 2 from a pipette. As soon as the oxygen is con- 
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sumed, polymerization starts immediately. The liquid acrylate in absence 
of oxygen and of hydroquinone polymerizes in about a day or two, and 
hence the apparatus is best prepared for the demonstration a few hours 
beforehand. Alternatively, the acrylate may be preserved in a bath of 
solid carbon dioxide. 

If the reaction vessel is put into communication with a reservoir of 
liquid acrylate several c.c. of liquid may be polymerized per hour. The 
greater part of the polymer can be removed from the reaction vessel by 
washing in benzene, and the insoluble residue is best burnt off the surface 
of the vessel in a current of air. It is important to note that the acrylate 
polymer is much more stable than the methacrylate polymer, which is 
completely depolymerized to the monomer at 300° C. The acrylate polymer, 
on the other hand, can be partly distilled as an oil at temperatures 
approaching a red heat, though a considerable amount of charring also 
occurs. 

As with the methacrylate polymerization, there is the difficulty of 
determining whether or not the reaction is mercury sensitized. On account 
of the rapidity of the acrylate polymerization a hydrogen lamp sufficed to 
give enough radiation to demonstrate that the polymerization is certainly 
a direct photochemical reaction, as the following run indicates: 

Vol. of system 170 c.c. Input between 2000 and 2300 A 0*8 x 10 u hv sec.* 1 
(estimated by the ammonia photometer). Temp. 23° C. 

Time (min.) 0 8 12 18 24 31 

Press. 50*2 47-8 46*0 43*4 4M 391 

Quantum yield of polymerization 5 x 10 3 . 

(The quantum yield is an upper estimate as the acrylate vapour 
exhibits absorption up to 2500 A.) 

Employing the mercury lamp, Table I gives the details of a typical run. 
The fourth and sixth columns contain velocity constants calculated on the 
assumption that the reaction is of the second and first order respectively. 
Whereas the first order constants decrease rapidly as the reaction proceeds, 
the second order constants remain at a fairly steady value. The order of 
the reaction therefore approaches two. A direct comparison of the initial 
rates of reaction shows that the rate varies approximately as the l*6th 
power of the pressure over the range 10-50 mm. 

In view of the fact that the pressure docs not decrease to zero on 
prolonged irradiation, an analysis of the products of the reaction was 
carried out in the following way. Methyl acrylate was illuminated with 
2537 radiation for such a time that about one-half the vapour was poly- 
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merized. The vapour was withdrawn with liquid air and the pressure 
of the residual gas measured by a Pirani gauge* This procedure was repeated 
a number of times until 95 % of the vapour was polymerized. The residual 
gas, non-condensable in liquid air, proved to be hydrogen as indicated 
by simultaneous readings on a McLeod and a Pirani gauge. Similar 
behaviour was observed with the methacrylate except that the non¬ 
condensable gas was methane. It appears, therefore, that when the 
acrylate molecule is broken up, a hydrogen atom attached to each carbon 
atom is split off. 

Table I 


Input 10 lfl hv sec." 1 . Vol. of system 100 c.c. Temp. 20° C. 


Time 

p (M.A.) 


l/p-l/Po 


log pjp 

min. 

mm. 

*§“ 

1 

■S' 

o 

t 

log Pt/P 


0 

55*0 

— 

—- 

—► 

—_ 

0*5 

41 0 

0*0062 

0*0124 

0-127 

0-254 

1*0 

32*0 

00130 

0*0130 

0-235 

0*235 

1*5 

24*0 

0-0236 

0*0157 

0*300 

0-240 

2-5 

16-0 

0*0444 

0*0178 

0*430 

0*175 

3*5 

13*0 

0*0588 

0*0168 

0*026 

0-178 

5*5 

9-0 

0-0862 

0-0157 

0-708 

0*139 

9*5 

7*6 

0*1136 

Temp. 

Initial press. 

47-6 

14-0 

0-0119 

33° C. 

Initial rate 
mm./min. 

4*4 

0-66 

0*859 

0*090 


The following figures show the relative rates of polymerization and 
decomposition. 


Table II 


Temp. 

20° C. Input 

10 u hv sec. -1 

Time (min.) 

M.A. press. 

Hydrogen p 

0 

45*8 

— 

1 

36*8. 

— 

2 

26*8 

_» 

4 

20-0 

0*0180 

6 

17*2 

— 

8 

13-7 

0*0470 

12 

9*0 

0*069 

16 

7-0 

0-098 


The initial rate of polymerization is 9- 8 mm./min.* -1 and the initial rate of 
production of hydrogen 0-005 mm./min."” 1 , that is, a ratio of 2000 : 1. Since 
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the quantum yield for polymerization is about 10 2 , the quantum yield for de¬ 
composition is 0*05, if the decomposition is due to 2537 radiation, suggesting 
therefore that the decomposition is a secondary reaction. If light of shorter 
wave-length is absorbed by the acrylate, the decomposition is more marked. 
For example, by removing the acetic acid filter and substituting a water 
filter, the half life time for polymerization changes from 2*9 to 2-3 min. 
while the rate of production of hydrogen is more than doubled, namely 
from 0*04 to 0*1 mm./min. -1 . By employing smaller intensities the decom¬ 
position reaction would become much less important as this is proportional 
to the first power of the intensity and the polymerization to the square 
root (see below). 

Since the COOCH 3 group is the effective chromophore in starting poly¬ 
merization, it was also essential to find if any carbon dioxide was eliminated 
such as occurs with the COOH group. Using the acetic acid filter 11 mm. 
of acrylate were exposed for 42 min. when the pressure fell to 4*4 mm. 
The acrylate was removed with liquid air leaving 1 mm. of hydrogen. 
Next a (XVether bath at - 80° replaced the liquid air, but no increase in 
pressure resulted which showed that C0 2 was not produced in appreciable 
quantities. 

Finally there is the possible complication that the polymer itself is 
photochemically decomposed on continued irradiation—a reaction which 
might contribute to the volume of non-condensable gas. Starting with 
a clean tube, 38 mm. of acrylate were polymerized. The remainder of the 
gas mixture was completely removed and the polymer irradiated with 
2537 radiation for 5 min. 5 x 10 ~ 4 mm. of hydrogen were produced com¬ 
pared with 260 x 10 “ 4 mm. when the vapour was illuminated under the 
same conditions. The photo-decomposition of the polymer can thus be 
neglected. While the photo-decomposition of liquid acrylate has not yet 
been investigated, it is worth noting that although the solid polymer may 
absorb as much light as the monomeric vapour, the change in structure 
from CH a -CH. COOCH s to —CH 2 ™CH(COOCH s )— prevents the removal 
of the hydrogen atoms attached to the carbon atoms. 

The next question is whether there is a slow continuous growth of the 
polymer in the dark such as has been observed with methacrylate. Table III 
shows an experiment with a clean tube in which successive short periods 
of illumination were followed by long periods of darkness. It will be seen 
that after the third period of illumination at 15 min., 1 mm. of acrylate 
polymerized in 6 min. compared with about 6 mm. in 1 min. in the light. 
After the fourth period, however, the dark rate is much faster but soon 
decays. The dark rate subsequent to the next period is again very small. 
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Tajjljs III 


Conditions as in Table I 


Time 

M,A. press. 


Ap in 

Ap in 

ZAp in 

ZAp in 

(min.) 

(mm.) 

Light 

the light 

the dark 

the light 

the dark 

0-0 

57*0 

On 

2*2 


2*2 


0-5 

55*8 

Off 




10 

55*8 



0*0 


0*0 

2*0 

56*8 




6*0 

55*8 

On 

3*6 


5*8 


5*5 

52*2 

Off 



70 

52*2 


— 

0*0 

— 

0*0 

10-5 

52*2 

On 

4*4 


10*2 


11*0 

47*8 

Off 



120 

47*0 


— 

0*2 

— 

0*2 

15*0 

47*0 

On 

5*6 


15*8 


16*5 

42*0 

Off 



170 

41*4 


—- 

1*0 

— 

1*2 

200 

41*0 

On 

5*6 


21*4 


20*5 

35*4 

Off 

— 

— 

21*0 

34*2 


— 

..... 

— 

— 

23*0 

32*0 



6*4 


7*6 

25*0 

31*0 




270 

30*0 


— 

— 

— 

— 

30*0 

29*0 

On 

3*4 


24*8 


30*5 

25*6 

Off 


— 

31*0 

24*6 



1*6 


9*2 

32*0 

24*4 


— 

— 

36*0 

24*0 

On 

3*8 


28*6 


35*5 

20*2 

Off 



37*0 

19*0 



6*8 


16*0 

58*0 

13*4 


—* 

— 


In another experiment 280 mm. of acrylate were polymerized, the vapour 
being continuously supplied from a graduated capillary tube, and the rate 
of polymerization being about 10 mm./min.* 1 . When the light was switched 
off, the rate immediately decreased as is shown by the following figures: 


Time (min.) 

0 

2 

7 

12 

17 

27 

42 

950 

p (M.A.) 

410 

38*8 

36*0 

34*4 

34*0 

330 

31*2 

230 

Rate, mm./min. 

1-7 

0*7 

0*4 

0*3 

0*1 

01 

01 

0-01 


One simple explanation would be that the dark rate is due to absorption 
of the monomer by the polymer as the latter accumulates in the vessel. 
This was tested by polymerizing a suitable amount of acrylate and with¬ 
drawing the vapour into a liquid air trap until a Pirani gauge registered 
a constant pressure—a process which required 15-20 min. The acrylate 
was then quickly vaporized and its pressure determined. A number of 
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experiments, recorded below, show that the pressure after evaporation 
is actually slightly less instead of greater than that before. The pressure 
decrease is probably due to some polymerization during the evaporation 
of the acrylate: 


M.A. polymerized 

31*8 

30-0 

38*0 

6-4 

Press, before 

13-8 

0-0* 

7*0 

47-0 

Press, after 

120 

7*2 

0*8 

400 


It would appear then that the slow disappearance of acrylate in the 
dark is really a true polymerization. It will be shown later that oxygen 
is a powerful inhibitor of the normal gas-phase polymerization, and hence 
it was necessary to see whether oxygen would also inhibit the dark poly¬ 
merization. First a normal polymerization run was made, the reaction being 
allowed to continue in the dark for 67 min. during which 14*4 mm. of 
acrylate polymerized. The reaction vessel was then pumped out and 50 mm. 
of oxygen kept in contact with the polymer for 10 mm. On readmitting 
acrylate vapour polymerization occurred at approximately the same rate 
as that to be expected after a decay period of 10 min. The growth in the 
dark occurs at the surface of the vessel, since no cloud of polymer is formed 
in the gas phase and is therefore a concurrent reaction to that in the gas. 

Effect of intensity . As has been pointed out previously the variation of 
rate of polymerization with intensity of incident light immediately indicates 
the type of collision which terminates the growth of the polymer. In these 
experiments the velocity was altered by interposing screens of aluminium 
foil perforated with holes of known dimensions. The transmission was 
measured by a photoelectric photometer. As is evident from the following 
figures the rate is proportional to the square root of the intensity: 


Transmission of filter 30 % 


Press, of M.A. (mm.) 

540 

51*4 

53*4 

Filter 

Out 

In 

Out 

(min.) 

2*85 

4*50 

2*50 

T \ («n)/Tj (out) 

— 

1*08 

— 

V in \ (calc.) 

Tj (out) ' 

— 

1*63 

— 


Even at very low intensities—about 0*005 of that used above—the rate 
reduced by a factor of 17, which is just what would be expected from 
a square root dependence on intensity. These experiments show that the 
polymer stops growing by the mutual destruction of two growing polymers. 

Effect of temperature. This effect was investigated with the high-voltage 



106 


H. W. Melville 


mercury lamp, the intensity being adjusted so that it was comparable 
with that employed at room temperature, namely, 10 u quanta/sec.: 


Effect of temperature 


Temp. 0 C. 

20 

30 

42 

100 

102 

Initial press. 

39*8 

40*8 

42*6 

45*2 

39*8 

(min.) 

1*1 

1*9 

3*2 

37*5 

28*0 


Energy of activation — 8*9 koal. 


At 158° polymerization could not be measured, i.e. less than 0*02 mm./min. 
Moreover, at this temperature there was no appreciable thermal depoly¬ 
merization of previously deposited photo-polymer which immediately 
demonstrates that the negative temperature coefficient of the photo rate 
is not due to a progressively increasing rate of thermal depolymerization. 
Since the absorption coefficient of the acrylate vapour and the efficiency 
of the primary photoreaction is certainly almost independent of tempera¬ 
ture, the negative coefficient might be due to the occurrence of a new type 
of inhibition reaction, negligible at room temperature. First, then, the 
intensity exponent was determined at 100°, where the rate of polymerization 
is 30-40 times smaller than that at room temperature and therefore under 
conditions where any new chain-terminating mechanism is the predominant 
reaction. It will be seen from the results in Table IV that the intensity 


Table IV. Effect of intensity at high temperatures 


Transmission of filter 36 % 


Initial 


press. 

Filter 

41*6 

Out 

41*8 

In 

41*0 

Out 

41*4 

In 

41*8 

In 

42*0 

Out 


Temp. 0 C. 

T i 

26 

1*45 

28 

2*05 

30 

1*30 

29 

2*00 

89 

20*6 

89 

13*6 


rj (out) 
r k (in) 

1*41 

1*57 

1*54 

1*51 


exponent remains at 0*5 as is shown by the fact that the ratio of rates with 
the filter in and out is independent of temperature. The growth of the 
polymer is therefore limited by essentially the same type of reaction as 
occurs at 20°. The terminating collision must therefore require considerable 
energy of activation, the value of 9 keal. calculated from the above results 
being only a minimum estimate. This evidence is supported too by the 
fact that the variation of rates with pressure is similar at different tem- 
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peratures. Her© it is rather difficult to obtain accurate measurements 
of the rate at high temperatures and low initial pressures: 


Initial press, 
mm. 

Temp. 0 C. 

Initial rate 
inrn./min. -1 

Order 

47-6 

32 

4*4 

1*6 

14*0 

34 

0*66 

49*4 

100 

0*59 

1*2 

13*0 

302 

0*12 


Having thus determined the type of collision process responsible for the 
cessation of growth of the polymer, the appropriate kinetic equation may 
be worked out so that the relationship between propagation and termination 
coefficients may be obtained. Denoting by P an active polymer and by 
k p the velocity coefficient for the reaction with the monomer (M ) and k m 
the termination coefficient, then the concentrations of the various growing 
polymers are represented by 

-/(/)-*„(Pi) (M)-k mt (P 1 ){k mi (P 1 ) + k mt (P i ) + ... k mr (P r )+...} = 0, 

d( J t - - k Pl (I\) (M)- kJP 2 ) (M) - k Wi (P 2 ) {k mi (I\) +... h,„ r (P .) + • ■ •} = 0, 
or in general 

~§- = K,jPr~l) (M)-k pr {I\) {M)~ k- mr (P r ) {k mi (P,) + ...} = 0. 

On substituting k m Jk Pr = which is assumed independent of r, then 

S{k Pl (Pi) + k Pt (P 2 ) +... k^P r ) + /(/)*. 

Hence the rate of polymerization is given by 

--JP =m+(M)~£k Vr (p r ) 

nince the chains are long. Since the light is not completely absorbed by the 
methyl aorylate vapour /(/) will be a function (M), thus making the order 
the reaction with respect to (M) between 1*0 and 1*5 as is found. On 
account of the overall temperature coefficient of —d(M)jdt being negative, 
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the energy of activation of the termination reaction, defined in the above 
manner, must exceed that of propagation by 8 kcaL 

Effect of oxygen. Oxygen is a most powerful inhibitor of the gas and even 
the liquid phase polymerization. In the gas phase, induction periods were 
at first observed, but on freeing the vapour from oxygen by repeated con¬ 
densation in liquid air the induction period disappears. The results are best 
shown graphically in fig. 2. By adding only 0*18 mm, of oxygen, the half 
life of the reaction is increased from 2*5 to 11*1 min. 1*66 mm. of oxygen 
increased r* to 41 min. It is evident that the kinetics of the oxygen-inhibited 
reaction are entirely changed. This can be seen by comparing the ratio of 
the times required for the pressure to drop to different values. From the 



Fin. 2. Effect of oxygen presimre at 20° C. 


fact that the ratio decreases, the order of the oxygen-inhibited reaction 
must therefore be considerably lower than that of the normal reaction, 
although the order should actually be greater (see p. 111). This decrease in 
order is, however, due to two partially compensating factors. As the oxygen- 
inhibited reaction progresses, the oxygen disappears and hence the velocity 
should increase. Such an increase is balanced by the decrease in the con¬ 
centration of the acrylate. There is another remarkable effect only observed 
in presence of oxygen. Fig. 3 shows three experiments made with nearly 
the same initial pressure of acrylate and exactly the same pressure of oxygen, 
viz. 1-66 mm. The first waB done in a clean tube where it will be observed 
that there is a long induction period terminated by a slow polymerization. 
The second experiment exhibits a much shorter induction period followed 





Photochemical polymerization of methyl acrylate vapour 109 

by a steady reaction, succeeded by a much faster reaction with the produc¬ 
tion of a cloud of polymer in the gas. It should be mentioned that in the 
oxygen-inhibited reaction, the visible formation of polymer cannot be 
detected. In the third experiment, however, the polymerization starts 
immediately and continues with the same speed as that in the second experi¬ 
ment. The explanation would appear to be that the growing polymer is 
deactivated in some way in so far as further growth is concerned by collision 
with a “clean” silica surface. When this surface is covered with polymer, 
the growing polymer must be elastically reflected back into the gas phase 
to be stopped growing by collision with an oxygen molecule. The most 
curious fact is that the normal photo-polymerization is not affected whether 



Fig. 3. Effect of tube surface on velocity of oxygen-inhibited reaction. 

a clean or a polymer-covered tube is employed, which would suggest that 
adsorbed oxygen may also terminate growth at the walls. As a matter of 
fact the different behaviour of clean and of polymer-covered tubes has 
already been observed in the methacrylate reaction in which the deposition 
of the requisite number of centres on the wails for continual growth of the 
polymer in absence of light is not only inhibited by oxygen, but is much 
hindered if the experiment is made with a clean tube. 

If oxygen does inhibit the polymerization by reaction with the growing 
polymer before such molecules have an opportunity of interacting with 
each other, then it is evident that the rate of termination of growth will he 
proportional to the first power of their concentration. The rate of reaction 
should therefore become proportional to the first power of the intensity of 
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the light. The two experiments recorded below indicate that the value of 
the exponent of the intensity factor is increased towards unity. 


Initial pressure 49*8 mm. 

Rate 

Intensity mm./rain. 

J-00 1*28 

0*30 0*58 


Temp. 20° C. 

1*5 mm. O s added, 


Ratio calc. 

Ratio 

R~I R~P 

0*45 

080 0-36 


The next problem is to obtain a quantitative measure of oxygen inhibition. 
This may be done by the introduction of a term containing (0 2 ) into the 
expressions used for the normal reaction as follows: 


-j/- -AD-k Pl (D > W ~ ** (P t ) (O.) 

-k mi (P l ){k mi (P 1 ) + ...k mr (P r ) + .,.} - o, 

and in general 

^ = ha p r-l) (*> - Kr( p r) (X) ~ W) (O t ) 

- k,n r (Pr) [k mt (Px) + ... K,(Pr) +-..} = 0 . 


By addition /(/) - S **(P r ) (O.) + {Zk^P,)}* 

r -1 

= /no t )Zk Pr {P r )+P{Zk Pr (P r )}*, 
where ft » k d Jk Pr . Hence 

r/. ,p. -A(0 2 ) + {A 2 (0 2 )“ + 4^/(/)}‘ 

Z ' K p r \ r T> — - qil 


When the concentration of oxygen is small compared with the acrylate, 
expansion of the term under the root sign gives 


Zk Pr (P r ) 


_/(/)* fi(Q*)L 1 ( 0 .) \ 

~ s 2 d* v mw) 


d(M) _ AD*(M) /?(Q,)(M) f _ /XO t ) 1 
dt ~ 6 ' 2<J* I W)*/' 


The rate of polymerization should therefore decrease at first linearly with 
increasing oxygen pressure. At high enough oxygen pressures mutual 
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destruction of growing polymers may be neglected and the general stationary 
state equation will assume the simple form 

® = V.( p r-x) (M)-k pr (P r ) (. M)-h dt (P r ) (0 2 ) = 0 

Sk Pr (P T ) = /(/)//?(0 2 ) 

d{M)J{I)(M) 
dt yff( 0 2 ) ’ 

which is in agreement with the fact that the intensity exponent increases 
from 0*5 towards unity. The reciprocal of the rate of polymerization should 
also be proportional to ( 0 2 ), whereas it is unchanged with respect to the 
acrylate concentration. The data are summarized in Table V. 


and 

or 


Po* 


0*0 

0*68 

0*41 

1*45 

0*23 

0*0 


00 

2*12 

0*0 

0*52 

0*20 

0*0 

0*8 


Table V. Effect of oxygen at 20 ° C. 


t in min. for 
— Ap =s 6 mm. 

Pm. a. 

t corr. to 

40 mm. M.A. 

*- 1 

0*77 

Series I 

40*0 

0*77 

1*30 

5-9 

36*8 

5*2 

0*192 

4*8 

390 

4*7 

0*213 

8*0 

36*4 

7*0 

0*143 

3*0 

34*4 

2*9 

0*34 

1*5 

32*4 

1*1 

0*91 

1*2 

Series II 

41*2 

0*78 

1*28 

7*8 

38*0 

7*3 

0*137 

1*5 

34*6 

1-20 

0*83 

3*2 

40*2 

3*2 

0*313 

2*9 

36*8 

2*0 

0*384 

1*2 

36*4 

0*95 

1*05 

5*3 

36*6 

50 

0*2 


When the times for the pressure to fall 6 mm, are plotted against oxygen 
pressure, i.e. the times for 15% reaction (fig. 4), the line is straight until the 
reaction velocity has fallen to one-fifth of its normal value, then the line bends 
round towards the oxygen axis showing that oxygen ceases to exert as strong 
an inhibiting influence as that indicated by the low-pressure experiments. 
This may be due to (a) another type of initiation reaction coming into play, 
(l>) the fact that /? is not independent of r. At present there is no evidence 
for the second alternative, but there is evidence from another reaction that 
oxygen can function in this twofold manner if mercury vapour is present, as 
happens in these experiments. In the direct and mercury photosensitized 
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photo-oxidation of phosphine (Melville and Roxburgh 1934 ) the initial 
process is the dissociation of PH 8 to PH 2 and H. The chain length of the 
reaction is thus easily calculated from the ratio of rate of oxidation to that 
of decomposition. At high oxygen pressures in the sensitized reaction, the 
chain length so computed is much shorter than that in the direct reaction, 
although propagation and termination reactions are identical. The reason 
is that excited mercury atoms generate oxygen atoms which in turn initiate 
oxidation. It is probable therefore that the same type of reaction occurs 
in this polymerization. 



Po t (mm.) 

Fig. 4. Effect of oxygen pressure at 20° C. 


Owing to the destruction of growing polymers by mutual interaction it 
is rather difficult to compute the exact value of the ratio of propagation to 
oxygen termination coefficients. An approximate estimate may be made 
in the following manner. 0*1 mm. of oxygen in 40 mm. of acrylate reduces 
the rate of polymerization by one-half, hence an oxygen molecule reacts 
with a growing polymer 400 times more readily than a monomer molecule. 
If these collisions are of a simple bimoleeular type, this would correspond 
to a difference in 3*6 kcal. for the energies of activation of the two reactions. 
Since there is reason to believe that the energy of activation for propagation 
of the chain is in the neighbourhood of 5 kcal., then the energy of activation 
for the reaction of oxygen is only 1*4 kcal. Hence it would be expected that 
if the temperature coefficient of the oxygen-inhibited reaction is measured 
it should have a positive value. On the other hand, at high temperatures 
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where the mutual destruction reaction has become more efficient, oxygen 
inhibition ought to disappear entirely. These anticipations are fully realized 
by the data plotted in fig. 5 in which log 10 tr\Ap^ “6 mm.) is plotted 
against 1 Q*/T for various oxygen pressures. Unfortunately, the acceleration 
brought about by oxygen at high pressures prevents the true state of affairs 
being realized. If, however, the 1/i?— p 0t curve is extrapolated, the full 
lines exhibit an opposite slope to that of the uninhibited reaction. Hence 
the negative temperature coefficient is certainly due to the termination 
process. These results also indicate that the energy of activation for growth 
of the polymer is about 4 kcal. 



Fig. 5. Effect of oxygen pressure as a function of temperature. The dotted lines 
show the effect of oxygen when oxygen initiation has become important. 

Effect of butadiene. As part of another series of experiments on inter- 
polymerization of molecules, an attempt was made to incorporate butadiene 
in the acrylate polymer. The most surprising fact emerged that, although 
butadiene may be polymerized photochemically, it acted as a strong in¬ 
hibitor for the acrylate reaction. The following figures show the magnitude 
of the effect: 

Effect of butadiene at 20° C. 


M.A. press, (mm.) 

44-0 

400 

380 

Butadiene press, (mm.) 

— 

2-4 

150 

Initial rate (mm./min.) 

4*0 

1*6 

0-2 


In these experiments matters are more complicated than those with 
oxygen, for there are now two possibilities. The first is that the butadiene 

Vol. CLXVII. A. s 
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molecule adds on to the growing acrylate polymer, but no further molecules 
of acrylate or butadiene add on, the structure of the polymer being 
AAAAAAAB, The second is that butadiene readily adds on to the acrylate 
polymer, but the addition of acrylate to the butadiene end of the polymer 
is somewhat slower than that to a pure acrylate polymer. Provided the 
time which elapses during the process is not greater than the lifetime of the 
reaction chain, the chain will be terminated in the usual way by the inter¬ 
action of two acrylate ends. The structure of the growing polymer is therefore 
AAAABAAAAABA. This latter process is therefore really an inter* 
polymerization, although the butadiene cuts down the overall velocity of 
polymerization. A choice between the two may be made by measuring 
the intensity exponent in the rate equation. The first type of interaction 
will be analogous to that obtained in the oxygen-inhibited reaction, that is, 
R~ /, whereas in the second type the rate will remain proportional to the 
square root of the intensity. The following results show that the intensity 
exponent is increased from 0*5 to 0*0. Unfortunately, in carrying out this 

Table VI. Effect of intensity on butadiene 
INHIBITED REACTION. M.A. 40 mm. 


Butadiene 


Time for Ap 

Intensity 

press. 

Intensity 

— 4 mm. (min.) 

exponent 

0*0 

1*00 

0*5 


3*6 

1*00 

4*0 

0-62 

3*6 

0*35 

7*7 

3*6 

1*00 

4*2 

0*62 

3*6 

0*30 

8*0 


kind of experiment the butadiene is used up during the reaction so that 
the ratio of rates at the two intensities is soon given by the square root law. 
For example, this is shown by the fact that the ratio of times for the pressure 
to fall to the same value in the inhibited and uninhibited reactions decreases 
during the course of the reaction. 

Press, of M.A. 40 mm. Press, of butadiene 3*6 mm. 

Ap (mm.) 2 4 6 8 10 12 14 

tj/f* 2*3 1 9 1*60 1*58 1*58 1*58 1*60 

In view of the complicated behaviour of oxygen, the effect of butadiene 
was studied at different temperatures in order to obtain another independent 
estimate of the energy of activation for growth of the polymer. The results 
at 18° C. are shown in fig. 6, where R and IjR are plotted against butadiene 
pressure. At low butadiene pressures, the linear decrease of R with p 
is obtained, while at high pressures 1/i? is proportional to pressure as is 
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required by theory. Even at pressures in excess of 20 mm. there is no 
deviation from linearity as was found with oxygen. From the slope of this 



2 9 30 31 3-2 3-3 3-4 

KF/r 

Fig. 7. Effect of butadiene pressure as a function of temperature. 


curve and that for oxygen, the relative values of the efficiencies of these 
molecules in terminating chains is, butadiene: oxygen 8:1. Experimental 
data at 52° and 72° are plotted in fig. 7 for different butadiene pressures. 

8-2 
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Again the same phenomena makes its appearance. Below 52° there is 
complete inversion of the temperature coefficient, since the normal termina¬ 
tion reaction has been replaced by one of small energy of activation. The 
measured value of the positive coefficient is 2-8 kcal. If it is assumed that 
the energy of activation for oxygen inhibition is zero, then this value of 
2*8 must be increased by the energy of activation for butadiene inhibition 
which amounts to J-2 kcal. calculated from the relative efficiencies of the 
two inhibitors. This figure of 4*0 agrees with the estimate made by extra¬ 
polation of the oxygen results. 

At 72°, however, butadiene behaves differently from oxygen. It exerts 
an inhibitory reaction once more. The nature of this second type of inhibition 
will be considered in a subsequent paper. 

Table VII 

Input 2 x 10 ie hv soc.~ l to 80 c.c. 50 % light absorbed. Temp. 52° C. 


Distillation data 



Pressure 


Polymerization 

Tim© (min.) 

Before 

After 

/ (min.) 

Total press, 

1 

4*0 

1*2 

0 

56*4 

2 

6*2 

1*8 

2 

55*4 

3 

9*8 

— 

5 

53*0 

4 

— 

5*4 

10 

49*6 

5 

14*0 

— 

20 

43*4 

7 

15*8 

— 

30 

38*6 

10 

16*8 

150 

40 

35*2 

12 

— 

15*0 

— 

— 

14 

16*8 

150 

— 

— 


Butadiene inhibition may be used to obtain a measure of the chain length 
of the polymer. The average value is the number of acrylate molecules 
polymerized divided by the number of butadiene molecules which disappear. 
The analysis of the mixture is easily made by condensing it in a side tube 
of small volume and allowing it to evaporate slowly. Owing to the fact that 
butadiene boils at -5° and acrylate at 70°, the separation is adequate. 
The following experiment was carried out at a sufficiently high temperature 
(52°) so that the chain was short enough for a measurable amount of buta¬ 
diene to disappear and with a butadiene pressure (16*8 mm.) such that the 
velocity of polymerization was cut down by a factor of 3. Thus about 
70% of the chains started are terminated by butadiene. The following 
figures show the distillation data before and after the polymerization run 
which is also included in Table VII. 
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Since 21*2 — 1*8 » 19*4 mm. of acrylate disappearfor 1*8 mm. of butadiene 
used up, the chain length of the inhibited reaction is 19*4/1*8x0*7 - 7 * 6 . 
The chain length of the uninhibited reaction is therefore 23 and at 20 °, 
101 , at a pressure of 16*8 mm.* 

Effect of methyl methacrylate . As might be expected the acrylate poly¬ 
merization is not appreciably affected by 25 % of methacrylate vapour. 

Effect of hydrogen . From the kinetics described in the previous pages 
there is no unambiguous evidence to indicate whether the acrylate polymer 
grows by the free-radical or double-bond mechanism. In the methacrylate 
polymerization the curious accelerating effect of hydrogen at once gave 
a means of saying which mechanism operated in this particular reaction. 
On the other hand, there is very little acceleration in the acrylate poly¬ 
merization as may be seen from the following figures: 




Series I 


Series II 

M.A. press. 

59-8 

62*6 

55*0 

j 53-4 

00*8 

Hydrogen press. 

120 

1*0 

01 

; — 9*4 

Tj (min.) 

1*3 

1*0 

1*6 

| 2*5 

2*7 


These results do not imply that there is no hydrogen atom-sensitized reac¬ 
tion, they merely show that this reaction is not faster than the ordinary 
photoreaction. If it so happens that the hydrogen-sensitized polymerization 
is faster than the normal polymerization, as occurs with methyl meth¬ 
acrylate, then the reaction may be detected and its kinetics examined: if 
it is slower, other methods must be adopted to study and characterize 
the free radical polymerization of the molecule concerned. 

Hydrogen does, however, have an appreciable effect if oxygen is already 
present with the acrylate vapour as is shown by fig. 8 . In presence of oxygen 
in a clean tube there is a very long induction period (curve 1 ). When the tube 
is covered with polymer this induction period disappears (curve 2), but the 
rate of polymerization is much less than that of the reaction in absence of 
oxygen (curve 4). When hydrogen is added to the oxygen, again starting 
with a clean tube, there is still an induction period but of much shorter 
duration than in Exp. 1 . Moreover, the velocity of the succeeding reaction 
is nearly equal to that of the uninhibited reaction (curve 4), thus showing 

* [Note added in proof , 12 May 1938.] The Average quantum yield of the poly¬ 
merization is 2*5. Hence the efficiency of the primary process, that is, the number 
of chains started per quantum absorbed by acrylate is therefore 2*5/7*6 = 0*33. In 
this reaction then, the molecular weight of the product is given by multiplying the 
molecular weight of the monomer by throe times the quantum yield of the photo 
reaction. 
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that at the end of the induction period nearly all the oxygen has been reduced 
by the atomic hydrogen. This experiment also demonstrates that hydrogen 
atoms react more readily with oxygen than with acrylate molecules or 
growing polymers. 



Fiu. 8. Effect of hydrogen on the oxygen-inhibited reaction. 

Properties of the polymer . Unlike the methacrylate polymer the acrylate 
polymer does not easily depolymerize on heating. It invariably chars, 
breaking up into complex products. Neitherisit completely soluble in benzene 
though it swells to many times its original volume. Considering these 
results in relation to the behaviour of the methacrylate, it would appear 
that the acrylate is to some extent cross-linked. The essential reaction for 
the production of cross-linking is that (a) the chains shall branch, ( b) that 
the ends of the growing polymer should be able to react and mutually 
saturate each other. The occurrence of the second type of reaction has already 
been established. The first reaction may occur in the following manner. 
On p. 102 it was noted that a small quantity of hydrogen is produced during 
polymerization apparently by the photo-decomposition of acrylate, thus: 
CH*—CH.COOCH 3 n^H 2 + CH:C.COOCH 3 . Assuming that the normal 
polymerization reaction is of the double-bond type, the branching by means 
of propiolic ester could occur in the following manner. First a molecule 
of propiolic ester reacts with the end of the acrylate polymer, thus producing 





Photochemical polymerization of methyl acrylate vapour 119 

two potentially reactive groups, each of which grows by the addition of 
monomer. When two such ends react the two-branched chains cross-link: 


CH CH 

I.COOCH, (COOCH,).ll.H 


COOCH,=CH—C 

hAcoooh 

j 

COOCH, H COOCH, 

C======C-~C-CH a —C 

H H 

i 

GOOCH, H COOCH, COOCH, H GOOCH, 

0—OH,—0— --0—C-CH,—O 

H. I.COOCH, H H H H H.(I.COOCH, 

In a normal chain reaction such branching of chains leads to indefinitely 
long chains, that is, explosion, under suitable conditions, except when the 
chains mutually destroy each other. This latter type of reaction always 
keeps the velocity of the reaction under control since the rate of branching 
is proportional to the first power of the concentration of the chain carrier, 
whereas the rate of termination is proportional to the second power. In 
this polymer reaction where these conditions of branching and termination 
must be simultaneously fulfilled in order to obtain a cross-linked polymer, 
branching has therefore no appreciable effect in augmenting reaction 
velocity. Henoe by kinetic methods alone the estimation of the extent of 
cross-linking is impossible. 

Comparison of acrylate and methacrylate reactions 

The most important difference in behaviour is the fact that under identical 
conditions of photo-initiation one molecule grows indefinitely, the other is 
soon made inaetive by a collision with another of its kind. Since the meth- 


CH CH 

H A COOCH, i. COOCH, 


0—OH—-CH. GOOCH, 

H.I.COOCH, 

COOCH, H COOCH, 

C—CH,—0-C=C 

H H 
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acrylate polymerization is of the double bond type then it is very probable 
that a similar mechanism is operative with the acrylate. But it is evident 
that the substitution of a hydrogen atom for a methyl group increases the 
efficiency of the reaction of the monomer with the growing polymer. On 
the other hand if a methyl group is substituted for one of the hydrogen 
atoms of the CH 2 group giving methyl crotonate, then no polymerization 
can be detected at all even although this molecule absorbs the same number 
of quanta as the acrylate or methacrylate. Thus in these three examples, 
the differences in poly merizability is certainly due to the different efficiencies 
and probably energies of activation for the addition of monomer to a mole¬ 
cule of monomer activated photochemically. 


Conclusions 

From these experiments the following conclusions may be drawn. In 
the photo-polymerization of methyl acrylate with light at 2500 A, the double 
bond of the molecule is activated in such a way that further molecules of 
the monomer add on to the growing polymer with the production of a double 
bond at the end of the molecule, the mean energy of activation of the addition 
reaction being 4 kcal. In the absence of inhibitors, the growth is stopped 
when two active polymers collide, the reaction comprising the simultaneous 
migration of two hydrogen atoms thus (X =» COOCH 3 ): 

X X H X X H 

0—C + C=^C — -c—c«c--c 

H. H H H H H 

This reaction possesses a high energy of activation > 10 kcal., which makes 
the overall energy of activation of the polymerization reaction negative in 
sign. Since the termination process is not very much slower than the 
growth of the polymer itself, the concentration of the growing molecule 
must be very much greater than that of the chain carriers normally encoun¬ 
tered, namely of the order of 10~ 3 mm. and of a life time ca. 10~ 2 sec. under 
similar intensities of absorbed radiation. This in turn suggests that although 
the energy of activation for growth of the polymer is comparatively small, 
the efficiency of the reaction must be low, implying therefore that a large 
steric factor is operative. 
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Summary 

The photo-polymerization of methyl acrylate vapour has been studied 
at pressures up to 60mm. and at temperatures between 20 and 150° C. 
Polymerization occurs almost quantitatively, giving a dense cloud of 
polymer in the gas phase when about ID 14 quanta are absorbed per e.e. 
per sec. at 2537 A, the quantum yield ranging from unity to 5000 depending 
on the temperature and intensity. At shorter wave-lengths the molecule 
is dissociated to hydrogen and propiolie ester. Growth of the polymer 
ceases when two growing polymers interact with each other. The tempera¬ 
ture coefficient of tills latter process is so large that the polymerization has 
a negative temperature coefficient. The reaction is very sensitive to in¬ 
hibitors especially to oxygen and to a lesser extent butadiene. By controlled 
use of inhibitors a direct measure of the energy of activation of the propa¬ 
gation reaction has been made: it amounts to 4 keal. At high oxygen 
pressures, oxygen exerts a positive catalytic effect believed to be due to 
the mercury sensitized production of 0 atoms. 

The molecular weight of the polymer has been estimated by measuring 
the ratio of acrylate to butadiene molecules used up in the inhibited reaction 
under a given intensity of illumination. Hence by calculation the molecular 
weight of the product in the normal reaction is easily found. 

This behaviour of acrylate is in marked contrast with that exhibited 
by methyl methacrylate, the long life time of the latter polymer being 
completely absent in the acrylate. Like the methacrylate, the acrylate 
grows by the double-bond mechanism and the differences in behaviour of 
these two similar molecules is accounted for by the theories advanced in 
this and previous papers. 
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A new form of resorcinol 
I. Structure determination by X-rays 

By J. Monteath Robertson and A. R. Ubbklohde 

(Communicated by Sir William Bragg , P.R.S.—Received 23 April 1938) 

At about 74° C. ordinary resorcinol (a-resorcinol) undergoes a trans¬ 
formation into a denser crystalline modification, called ^-resorcinol 
(Ubbelohde and Robertson 1937), and a comparison of these two structures 
is of considerable general interest for the problem of intermolecular bonding 
in hydroxylic compounds. The crystalline structure of a-resorcinol has 
already been fully determined (Robertson 1936 ), and the present paper gives 
a corxesponding X-ray determination of the structure of /^-resorcinol. The 
comparatively open structure of a-resorcinol, which is apparently main¬ 
tained by the directive power of the hydroxyl bonds, is replaced in /7-resor- 
cinol by a more parallel and compact arrangement of the molecules, reminis¬ 
cent of many hydrocarbon structures. Several different factors are involved 
in this transformation, and it is accompanied by some deformation of the 
resorcinol molecule. The results are discussed more fully in relation to the 
thermodynamic properties of resorcinol in the following paper (Part II). 

Crystal data 

fi-Re&orciwl: C 6 H 6 O e ; Jkf = 110 ; melting-point 109-110°C.; density, 
calculated, 1*327; orthorhombic pyramidal, a « 7*91 ± 0*01,6 * 12*57 ± 0*02, 
c = 5*50 ± 0*01 A, Space group, C^Pna). Four molecules per unit cell. 
No molecular symmetry. Volume of the unit cell» 547 A 3 . Absorption 
coefficient for X-rays, A = 1*54, /i =* 9*68 per cm. Total number of electrons 
per unit cell ~ F( 000 ) = 232. The space group is the same as for a-resorcinol 
(loc. cit.), and hence the same structure factor and electron density formulae 
are applicable. (For a-resorcinol, a = 10*53, b — 9*53, c = 5*66 A.) 

Experimental measurements and structure analysis 

The habit of /^-resorcinol is quite different from that of a-resorcinol (see 
Part II, fig. 4, Plate 8), and even when they are crystallized together there 
is no difficulty in picking out the long thin plates, or laths, which are 
characteristic of the /Worm. These are elongated in the c axis direction, and 
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the large face of the lath is the ( 100 ). Small (hk 0 ) side faces are frequently 
observed, but no well-developed end-faces were noted. 

The X-ray work was carried out in a manner similar to that described for 
a-resorcinol (Robertson 1936 ), with copper Ka radiation and photographic 
methods. Owing to the shape of the /7-crystals, however, the path of the 
X-ray beam through the specimen is not the same for all the reflexions in 
a given zone, and it was necessary to calculate correction factors for the 
intensities. These were obtained roughly by evaluating a mean path for the 
beam through the crystal in each different reflecting position and applying 
the calculated absorption coefficient. Uncertainties remain owing to the 
divergence of the beam, and to some of the crystal specimens being slightly 
bent, but as the specimens employed were small (e.g. 0-091 and 0*0585 mg.) 
the final results should be of about the same accuracy as those obtained 
for a-resorcinol. 

The structure factors, f\ in absolute units, were calculated from the 
intensity measurements by the usual formulae, and the results are given in 
Table I under “ F measured 

In the analysis of the structure it was necessary in the first place to 
obtain an approximate solution by trial. Comparing the cell dimensions 
with those of a-resorcinol, we observe that while the c axes remain of nearly 
the same length, the b axis in y7-resoreinol has increased by 3 0 A., and the 
a axis has diminished by 2*6 A. This suggests that in the two crystals the 
molecules may be inclined at similar angles to the c axes, but that in the 
/7-crystals they have turned round to align themselves more nearly in the 
6 -axis direction. This is confirmed by the intensities of the principal reflex¬ 
ions, the ( 200 ) being much the strongest reflexion in the {hkO) zone of /?- 
resorcinol, while ( 020 ) is comparatively weak. 

Beyond these preliminary indications there are very few outstanding 
features in the spectra of /7-resorcinol, and the exact analysis proved to be a 
difficult matter. We can assume, for the trial structures, a rigid molecular 
model of dimensions similar to those already found in the case of a-resorcinol. 
It then remains to find the orientation of this model with respect to the crystal 
axes, and also its position with respect to the dyad screw axis of symmetry, 
which introduces two further parameters. It was hoped that measurements 
of the diamagnetic susceptibilities would help to define the orientation, but 
the first results proved to be ambiguous, and only confirmed the preliminary 
indications noted above. The latest magnetic results which have been 
obtained by Mrs Lonsdale, however, are now sufficiently accurate to confirm 
the orientation derived from this analysis. 

It is perhaps unnecessary to describe the details of the trial analysis. 
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Various possibilities were eliminated, and finally sufficient accuracy was 
obtained to enable the phase constants of about 50 reflexions in the (AkO) 
zone to be calculated with reasonable certainty. From this stage the 
co-ordinate values were refined in a straightforward manner by the applica¬ 
tion of two successive double Fourier syntheses to the ( hkO ) structure 
factors. 



Fig. 1. /^-Resorcinol in the c-axis projection on (001). Each contour line represents 
a density increment of approximately one electron per A 8 , the one electron line being 
dotted. The plane of the benzene ring is inclined at 51° to the plane of this projection. 


The results of the final Fourier synthesis are represented by the electron 
density contours of fig. 1, which cover the asymmetric unit of the crystal 
(one chemical molecule). In this projection, along the c-axis, the dyad screw 
axis is equivalent to a centre of symmetry. The complete unit cell contains 
four molecules, and their relative arrangement is shown in figs. 2 and 4. 
These diagrams should be compared with figs. 1, 2 and 8 for a-resorcinol 
(Robertson 1936). The final synthesis included all the observed (hkO) 
structure factors, listed in Table I, and the phase constants employed (a) 
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were subsequently verified by recalculation from the co-ordinates finally 
assigned to the atoms (Table II). The Fourier series for the electron density 


p(x,y) = | S 2 F(hkO) cos 2 n(hx + ky) 

(M) — go — CO 



a 

Fro. 2. Group of resorcinol molecules in the c-axis projection* 
Each line approximately two electrons per A*. 
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was Bummed at 460 points on the asymmetric unit, at intervals of 12° or 
0*264 A on the a-axis, and 6° or 0*209 A on the 6-axis, and the maps were 
prepared by graphical interpolation from these summation totals. 


Table I. Measured and calculated values of the 

STRUCTURE FACTOR 



sin 6 

a 0 

F 

F 

hkt 

*o 

II 

calc. 

calc. 

rneasur* 

200 

0-195 

180 

63 

60 

400 

0*389 

180 

25 

32 

600 

0*584 

0 

15 

21 

800 

0*778 

180 

1 

< 5 

020 

0*123 

0 

13 

14 

040 

0*245 

180 

7 

< 3 

060 

0*367 

0 

30 

36 

080 

0*490 

0 

10 

14 

0, 10, 0 

0*612 

0 

1 

< 5 

0, 12, 0 

0*735 

180 

7 

11 

0, 14, 0 

0*857 

0 

2 

< 4 

002 

0*280 

65 

9 

10 

004 

0*559 

295 

14 

13 

006 

0*839 

357 

18 

18 

on 

0*153 

344 

24 

23 

031 

0*231 

187 

15 

16 

051 

0*337 

323 

10 

16 

071 

0*451 

350 

13 

17 

09) 

0*569 

301 

9 

11 

0, 11, 1 

0*688 

359 

5 

7 

0, 13, 1 

0*808 

126 

8 

11 

022 

0*305 

248 

9 

15 

042 

0*372 

139 

18 

23 

062 

0*462 

336 

10 

15 

082 

0*564 

192 

7 

9 

0, 10, 2 

0*675 

131 

18 

22 

0, 12, 2 

0*786 

53 

3 

< 9 

013 

0*424 

221 

li 

11 

033 

0*458 

270 

34 

33 

053 

0*519 

78 

7 

< 8 

073 

0*600 

178 

4 

< 9 

093 

0*693 

262 

16 

22 

0, 11, 3 

0*793 

— 

0 

< 9 

201 

0*240 

181 

63 

63 

202 

0*341 

154 

23 

25 

203 

0*462 

268 

17 

19 

401 

0*414 

35 

22 

28 

402 

0*479 

329 

24 

26 

403 

0*572 

345 

6 

<12 
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Table I ( continued) 


hkl 

sin 0 

A — 1*54 

cc° 

calc. 

F 

calo. 

F 

measured 

no 

0115 

180 

6 

10 

120 

0*157 

180 

22 

23 

130 

0-208 

0 

14 

16 

140 

0-264 

0 

19 

22 

150 

0-321 

180 

12 

19 

160 

0-380 

180 

7 

10 

170 

0-440 

0 

4 

5 

180 

0*499 

0 

11 

10 

190 

0*560 

0 

2 

< 4 

1, 10, 0 

0*020 

180 

1 

< 5 

1,11,0 

0-080 

0 

10 

14 

1, 12, 0 

0*741 

180 

7 

8 

1, 13, 0 

0-802 

— 

0 

< 4 

1, 14, 0 

0*863 

— 

0 

< 4 

210 

0*204 

0 

1 

< 2 

220 

0*230 

180 

13 

14 

230 

0-268 

180 

21 

24 

240 

0*313 

0 

8 

8 

250 

0-363 

0 

19 

28 

260 

0-416 

180 

19 

24 

270 

0-471 

0 

9 

13 

280 

0-527 

180 

3 

7 

290 

0-585 

180 

1 

< 4 

2, 10, 0 

0*043 

0 

7 

11 

2, 11, 0 

0-701 

0 

7 

11 

2, 12, 0 

0*760 

0 

2 

< 5 

2, 13, 0 

0-819 

180 

4 

7 

310 

0-298 

0 

12 

18 

320 

0*317 

180 

14 

17 

330 

0*345 

180 

15 

21 

340 

0*381 

180 

7 

7 

350 

0*423 

— 

0 

< 4 

360 

0*409 

180 

12 

17 

370 

0-518 

0 

4 

7 

380 

0*570 

0 

4 

< 4 

390 

0*024 

180 

4 

5 

3, 10, 0 

0*878 

180 

8 

14 

3, 11, 0 

0*734 

180 

10 

23 

3, 12, 0 

0*791 

180 

1 

< 5 

410 

0-394 

0 

14 

19 

420 

0*408 

0 

3 

4 

430 

0*430 

180 

2 

< 3 

440 

0*459 

180 

3 

0 

450 

0*495 

180 

7 

8 

460 

0*535 

— 

0 

< 4 

470 

0*579 

0 

5 

4 

480 

0*626 

180 

0 

7 

490 

0*075 

180 

2 

< 5 
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Table 1 (continued) 



sin 6 

„0 

CL 

F 

F 

hkl 

A= 1*54 

calc. 

calc. 

measured 

4, 10, 0 

0*725 

180 

9 

10 

4, 11, 0 

0*777 

180 

3 

< 5 

4, 12, 0 

0*832 

0 

2 

< 4 

510 

0*490 

180 

10 

14 

520 

0*502 

0 

8 

10 

630 

0*520 

0 

1 

< 4 

540 

0*545 

0 

7 

9 

550 

0*575 

0 

17 

20 

560 

0*610 

0 

10 

14 

570 

0*648 

180 

11 

15 

680 

0*690 

180 

1 

< 5 

590 

0*735 

0 

1 

< 5 

5, 10, 0 

0*782 

0 

5 

8 

5, 11, 0 

0*830 

0 

8 

11 

610 

0*587 

180 

10 

12 

620 

0*597 

0 

5 

7 

630 

0*612 

0 

7 

6 

640 

0*633 

180 

4 

6 

650 

0*659 

180 

4 

7 

660 

0*689 

0 

9 

10 

670 

0*724 

180 

11 

13 

680 

0*762 

0 

8 

10 

690 

0*803 

0 

1 

< 4 

6, 10, 0 

0*846 

180 

1 

< 4 

7H> 

0*684 

0 

4 

< 5 

720 

0*692 

0 

4 

< 5 

730 

0*706 

0 

3 

5 

740 

0*724 

180 

5 

5 

760 

0*747 

180 

5 

7 

760 

0*774 

180 

2 

< 5 

770 

0*805 

0 

3 

< 4 

780 

0*839 

180 

5 

7 

810 

0*780 

— 

0 

< 5 

820 

0*788 

— 

0 

< 5 

830 

0*800 

0 

3 

< 5 

840 

0*816 

0 

6 

8 

850 

0*836 

0 

4 

7 

860 

0*860 

180 

6 

6 


Dimensions and orientation of the molecule. Co-ordinates 

All the atoms in the molecule are resolved in fig. 1, and the positions of 
their centres can be determined with accuracy. It is found that the projec¬ 
tion of a regular plane hexagon can be inscribed on the benzene ring, and 
the corners are indicated by crosses in fig. 1. The true positions of the oarbon 
atoms may depart from these regular points by amounts varying from 
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0*02 to 0*05 A (at atom B), but these apparent departures from regularity 
can probably be asoribed to experimental errors in determining the structure 
factors and to imperfect convergence of the Fourier series. 

We assume the carbon atoms to be at the marked points, and we further 
assume that the regular hexagon of which this is a projection has the usual 
benzene ring carbon-carbon distance of 1*39 A. It is then easy to obtain 
the complete orientation of the molecule, which can be described by giving 
the angles which the lines L and M and their normal N (fig. 3 ) make with the 
three crystallographic axes. The notation and calculations are similar to 
those previously used (Robertson 1936 ), and the results are given below: 

= 51*2° cos Xl - 0*6260 X m - 82*4° cos X m ~ 0*1323 

- 110*3° cos - - 0*3469 i/r AJ - 21-6° cos \jr M « 0*9296 

(o L = 134*3° coswj, = —0*6984 o) M = 110*1° cosw Af = -0*3431 

X N = 39*8°cos Xn “ 0*7685 
}jr N « 82*8° cos }Jr N « 0*1249 
0 ) N = 51*1° cos (o N = 0*6281 

The positions of the hydroxyl groups, 0 and H t are also marked in fig, 1 . 
These are found to depart from the symmetrically disposed positions by 
small but apparently definite amounts, as can readily be seen by producing 
the lines AD and CF. Instead of lying on the extensions of these lines, O 
and H are both found to be displaced in an anticlockwise direction. 

The projection of the structure in fig. 1 gives no information as to whether 
the hydroxyl groups are also displaced out of the plane of the benzene ring, 
and this matter must now be examined by means of the structure factors 
from other zones of planes. The displacement of the group G from the 
symmetrical position is small (< 3°), and we may assume it to lie in the 
plane of the ring without serious error. With regard to the group //, two 
positions were tested. ( 1 ) It was assumed to remain in the plane of the ring. 
(2) It was displaced out of the plane of the ring in a direction which would 
decrease the intermoleoular approach distances of neighbouring hydroxyl 
groups, and also give a minimum total displacement from the symmetrical 
position. This movement requires the oxygen atom H to lie at 0*08 A above 
the plane of the benzene ring. The co-ordinates were calculated for these 
two positions, and the resulting structure factors for the ( 00 /) series of 
planes are compared below. 

These results are strongly in favour of the second alternative. Further 
calculations of the (Old) and (A 0 /) structure factors (Table I) are also slightly 
in favour of the second alternative, but the difference for the two positions 
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is small. In calculating the remainder of the structure we assume the second 
alternative (II at 0*08 A above plane of ring), but it should be noted that the 
z co-ordinates of the oxygen atoms are uncertain to about + 0*04 A. A second 
Fourier projection along the a crystal axis might settle the positions more 
definitely, but the experimental measurements at present available do not 
justify this course, and as such a projection would display no centre of 
symmetry, the work would be extremely tedious. 


F calculated 



H in plane 

H above ring 

F 


of ring 

by 0*08 A 

measured 

002 

3 

9 

10 

004 

16 

14 

13 

006 

15 

18 

18 


The orientations of the lines FG and DH are now as follows: 


Xrn m 66 -0° cob x Fa = 

0*4064 

Xdh — 

73-7° cos Xdb = 

0*2806 

<j> F n - 48 ' 4 ° cos \]r Fa = 

0*6631 

fim = 

163*5° cos i[r DH — 

- 0*9580 

0) Fa — 128-9° cos (t) FG — 

— 0*6287 

M nu - 

93*1° oos a) D jj = 

-0*0532 


The real angle between L (BE) and FG becomes 62*4°, and between L and 
DH, 57*0°. The actual dimensions of the molecule, with the benzene ring 
assumed planar, are summarized in fig. 3 . 


L 


H 

Fia, 3. Dimensions of /^-resorcinol molecule. Atom H (oxygen) 
is 0*O8A above the plana of the ring. 
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It will be noted that for the two carbon-oxygen distances we obtain 
almost the same result as was found for a-resorcinol, viz. 1*36 A. These 
results are expressed in Table II, where the co-ordinates of the atoms are 
referred to the molecular axes and the centre of the benzene ring as origin. 
From fig. 1, the co-ordinates of the centre of the benzene ring with respect 
to the dyad screw axis are given by 

« 1-874 A, y Q = 0*856 A. 

Table II. Co-ordinates referred to molecular axes 

Atom ... A B C D E F G H 

L oo-ordinato (A) -0*695 —1-39 -0-695 0-695 1-39 0*695 1-33 1*435 

M co-ordinate (A) 1-203 0 -1-203 -1-203 0 1*203 2-416 -2-337 

N co-ordinate (A) 0 0 0 0 0 0 0 0*084 

The atomic co-ordinates referred to the crystal axes are given in Table III. 
The origin of the x and y co-ordinates is taken on a dyad screw axis, while 
the z co-ordinates are referred to an arbitrary origin at the centre of the 
benzene ring. 


Table III. Co-ordinates* referred to crystal axes. 
Origin on dyad screw axis 


Atom 

x A 

2 nx/a 

y A 

2ny/b 

z A 

2nz/c 

A 

CH 

1-60 

72-7 

2-215 

63-5 

0*07 

4-7 

B 

CH 

1005 

45-7 

1*34 

38*3 

0*97 

63-5 

C 

CH 

1-28 

58-3 

- 0*02 

- 0-6 

0*90 

58*8 

D 

C 

215 

97-8 

-0-505 

-14*4 

- 0*07 

- 4-7 

E 

CH 

2-745 

124-8 

0-375 

10-7 

— 0-97 

- 63-5 

F 

C 

2-47 

112-3 

1*735 

49-6 

-0*90 

- 58*8 

O 

OH 

3025 

137-7 

2-64 

75*7 

-1*76 

-115-0 

E 

OH 

2-53 

115-2 

-1*80 

-51*6 

-0-145 

- 9-4 


* Erratum. In a-resorcinol (Robertson 1936 ) the x co-ordinate of atom C should 
read 1*856 instead of 1*185. 

It will be noted that while the x and y co-ordinates can be obtained by 
direct measurement of the Fourier projection diagram, the z co-ordinates 
can only be obtained from the calculated orientation discussed above. The 
agreements obtained between the calculated and observed structure factora, 
however, are quite satisfactory, showing that the whole structure is essen¬ 
tially correct. 

The calculated F values are based on an average hydrocarbon /-curve 
(Robertson 1935 ), the scattering power of the hydroxyl groups being weighted 
with respect to that of the carbon atoms in the ratio of 3:2. This is an 


9-3 
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approximate treatment only, and of course it has no effect on the Fourier 
projection, which is based on the measured F values. It will be noted, 
however, that the calculated F values tend to be lower than the measured 
values, especially for the small spacing planeB (large sin#), and, in fact, to 
obtain the best average correlation the calculated values must be increased 
by a factor of about 1 - 3 . It does not seem likely that the absolute scale of 
the measured values can be in error by as much as this, and the result is 
probably due to the temperature factor being abnormally low for /?-resor- 
cinol, which is in keeping with the relatively high density of the structure 
(1-327). Similar results have previously been obtained for other compounds 
(Robertson 1935 ). 

In Table I the average correlating factor of 1*3 has not been applied to 
the calculated F values. When this is done, the average discrepancy between 
the measured and calculated F values for the (MO) reflexions, expressed 
as a sum of the individual discrepancies divided by the sum of the measured 
values, is only 11*3%, rather better than is ususally obtained in work of 
this kind. 

As a matter of interest, the oxygen atom H was now moved to the 
symmetrical position, i.e. on to the extension of the line AD , and the (MO) 
structure factors were recalculated on this basis. The discrepancies were 
found to increase to 17*5 %, thus showing in a very definite manner that the 
distortion of the molcule is a real effect . 

INTERMOLKCULAR DISTANCES AND ARRANGEMENT 
OF MOLECULES IN THE CRYSTAL 

The way in which the molecules are grouped together in the crystal will 
be clear from figs. 4, 5 and 6 , which are projections of the structure along the 
three crystallographic axes. In these diagrams the atoms are indicated by 
letters (in conformity with figs. 1 and 3 and Table III), while the numbers 
on the molecules indicate the four asymmetric units in the structure which 
have the equivalent points: (1) x t y y z ; (2) — x, -y } £ + 2 ; (3) £ — x t | + 
i + z; (4) ! + b-y, z. 

The shortest distances between the hydroxyl groups on neighbouring 
molecules are indicated by dotted lines. These represent the “hydroxyl 
bonds”, and their lengths, 2*75 and 2*70 A, appear to be slightly greater 
than the corresponding distances in a-resorcinol (mean 2*70 A), and slightly 
less than the bonds in ice (2*76 A). The angles between the hydroxyl bonds 
in /?-resorcinol, however, are 97 and 123° compared with 102 and 106° in 
a-resorcinol. This greater distortion from the tetrahedral value is significant, 
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and is discussed in the following paper. The magnitudes of all the angles are 
indicated in fig. 4. 

The projections are rather deceptive with regard to the disposition of the 
bonds in space. In fig. 4, the Q---H bonds of 2*75 A between molecules 1 
and 2 do not form a closed circuit, but return to a molecule one translation 



a 

Fig. 4. c-axis projection on (001) showing hydroxyl bonds. 

\ 

farther along the c axis, thus forming a staggered array which extends 
throughout the crystal. The relations will be clear by comparison with 
fig. 5. 

The greatest difference between the structures of a- and /^-resorcinol lies 
in the more parallel and compact arrangement of the molecules in the 
/?-orystaI, resulting in a higher density (1-327 instead of 1*278. in a-resorcinol). 
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The packing in /9-resorcinol is, in fact, more typical of a hydrocarbon than 
of a hydroxylic compound. This is shown most clearly in fig. 8, where the 
molecules are viewed nearly end on, and are seen to approximate to a layer 
structure. 



Figi. 5. a-axia projection on (100). 



i i i i 

Fig. 6 . 6-axia projection on (010). 


1 
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As in the case of a-resorcinol, it is found that there are two distinct types 
of intermolecular approach. There are the hydroxyl bonds of 2*70-2*75 A, 
and the ordinary van der Waals approaches of 3*4 A and upwards, but no 
intermediate distances. All the intermolecular distances below 4 A'have 
been calculated from the co-ordinates, and are given in Table IV. Letters 
indicate atoms, suffixes the molecule, and an Accent indicates a molecule 
one translation further along the c-axis (which cannot be shown in fig. 4). 


Table IV. Intermolecular distances 


Oxygen ^oxygen: 

G t H' 9 =2 70 A 

Carbon -carbon : D x E % = 3 *54 A 


H X G % = 2*75 

B x D t ~ 3*68 

Oxygen-carbon: 

A X H 9 = 3-41 

E x E t = 3*74 


A X G € = 3-43 

B x C t =3*76 


D x G 9 =3-53 

C x C t = 3*76 


F x Hi = 3*53 

C X B % = 3*86 


E x H'i = 3*56 

C x D t = 3*90 


*V*' = 3-56 

C X E[ = 3*94 


= 3*57 

B X F\ = 3*94 


D x G t as 3*63 

B X G[ =3*07 
A x H;= 3-74 

A x F t as 3*99 


B x H t ~ 3*92 

F x G 4 = 3*99 



Summary 

The structure of the dense, high temperature modification of resorcinol 
has been fully determined by means of a quantitative X-ray investigation. 
The structure is characterized by a more compact and parallel arrangement 
of the molecules than in ordinary resorcinol, which is a rather open arrange¬ 
ment. The benzene rings are apparently regular hexagons to within 0*05 A, 
but the OH groups are definitely displaced from the symmetrical positions, 
and one of them at least is also displaced out of the plane of the ring. The 
carbon-oxygen distances are 1*36-1*37 A, as in ordinary resorcinol. The 
orientation of the molecule in the crystal and the atomic co-ordinates are 
given. Hydroxyl bonds of length 2*70 and 2*75 A connect neighbouring 
molecules in the crystal, but the angles between these bonds are further 
distorted from the tetrahedral value than in ordinary resorcinol. All other 
intermolecular distances are greater than 3*4 A. 
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II. Thermodynamic properties in relation to structure 

* 

By J. Monteath Robertson and A. R. Ubbklohde 
(Communicated by Sir William Bragg , P.R.8.—Received 23 April 1938) 

[Plate* 8, 9] 

As is discussed below, resorcinol is one of a limited number of substances 
for which the denser polymorph is stable at higher temperatures. It is 
also one of the limited number of substances for which the detailed 
structure has been worked out for both forms. The correlation of thermo¬ 
dynamic properties with structure is thus of particular interest, and is dis¬ 
cussed in the first part of this paper. This discussion is followed by a descrip¬ 
tion of experiments on the heat of transition between the two polymorphs, 
on the specific volume of liquid resorcinol, and on the relative stabilities of 
a- and ^-resorcinol in the compounds C 6 H 4 (OH) 2 and C 6 H 4 (OD) 2 . Brief 
reference is also made to experiments on the polymorphism of penta- 
erythritol. 


The relation between enantiotrory and structure in resorcinol 

When two polymor phs can exist in t hermodynamic equilibrium, it becomes 
possible to correlate the statistical and metrical factors which determine 
crystal structure. The most compact formulation of the statistical factors 
is obtained by using the thermodynamic functions of the solid. By definition, 
the free energy O x of a solid may be written 

G 1 ~H l -TS v 

where H x is the heat content and S x the entropy of the solid. The dependence 
of H x and 8 X on the structure of two polymorphs can be inferred when these 
have a transition point. At absolute zero the crystalline structure with the 
lowest heat content (H x ) 0 will also have the lowest free energy, and will 
therefore be the stable form. Equilibrium with a second crystal structure 
of free energy G % will only be possible at a transition temperature 0 such that 


G 2 -G x = 0 = (H t -H x )-6{S 2 ~S x ). 
[ 136 i 


(A) 
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One condition for enantiotropy is that 6 must lie below the melting-point 
of the form stable at low temperatures. Furthermore, above the transition 
point Q x > 0 2i so that in the neighbourhood of this temperature 

d0 1 /dT>dOJdT. 

From the Gibbs-Helmholtz equation 

and Q t -H % ~T d -^. 

Combining this information, H 2 >H V i.e. heat must always be absorbed in 
passing into the polymorph stable at higher temperatures. From equation 
(A) it foliows that 0 can only be positive, i.e. have a physical meaning if S 2 
is likewise greater than S v 

The condition Il 2 > H v S 2 > 8 X can be satisfied by quite large differences 
of heat content between the two crystal structures, provided there is a 
corresponding increase in entropy. One molecular mechanism corre¬ 
sponding with a polymorphism of this type can be readily visualized, viz. 
when the increase in heat content is due to a weakened binding and an 
expansion in volume of the crystal, and the increase in entropy is due to 
the .consequent increase in thermal motion of the molecules, and in many 
cases to an increase in crystal symmetry. A typical example in a crystal 
which involves only van der Waals forces is the transition in solid long-chain 
paraffins (Garner, van Bibber & King 1931 ; other references are in Ubbe- 
lohde 19376 ), In such cases the heat of transition is of the same order of 
magnitude of the heat of melting. A survey of the enantiotropic structures 
described by Groth ( 1906 - 19 ) suggests that even when forces other than 
van der Waals attractions contribute to the crystal structure, the majority 
of polymorphs at ordinary pressures show the general behaviour described 
in this paragraph. Amongst the very limited number of exceptions is the 
change from hexagonal to cubic silver iodide at 1 40°, and from grey to 
white tin at 18°, both of which involve a contraction of volume with rise in 
temperature. At higher pressures (P. W. Bridgman 1937 ) exceptions are 
more common. 

From what is stated in Part I, and from the experimental details given 
below, it is clear that the behaviour of resorcinol likewise departs from the 
general rule. On changing to the high temperature polymorph, there is 
(a) a contraction in volume (cf. fig. I); ( 6 ) no change in crystal symmetry 
(Part I* p. 122 ); (c) a heat of transition which does not exceed 6 % of the 
heat of fusion (p. 145); (d) the temperature factors for the intensities of 
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reflexion (Part I, p. 132) show that there is no great increase in thermal 
motion of the atoms in /?-resorcinol, 

A comparison of the structure of the two forms can most readily be made 
by inspecting figs. 8 and 9 of the paper on a-resorcinol (Robertson 1936 ) 
and figs. 4, 5 and 6 of Part I (p, 134), and throws considerable light on the 
change of structure with temperature. The unusually open structure of 
a-resorcinol (cf. Robertson 1936 , fig. 8 ) is apparently conditioned by two 
factors: 

( 1 ) The arrangement of hydroxyl bonds about the oxygen atoms at 
approximately the tetrahedral angle. In a-resorcinol the angle between the 
two hydroxyl bonds is 102 ° for one oxygen atom and ! 0 fi° for the other. 

0900, 
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Fig. 1 . Specific volumes of resorcinol in different arrangements of molecules. 


( 2 ) The rigidity of the resorcinol molecule, in which the six carbon atoms 
and the two oxygen atoms lie in one plane. Such an open structure will 
not as a rule have the minimum van der Waals energy, nor will the dipoles 
be surrounded by the maximum amount of polarizable material, but the 
contribution of these energy factors to the lattice structure is outweighed 
by the energy contribution made by the hydroxyl bonds. 
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As the temperature is raised, either of the factors ( 1 ) or ( 2 ) may be upset. 
For example, in the case of H a 0 the open structure maintained by the 
hydroxyl bonds in ice I changes to a more compact arrangement of molecules 
when these bonds are broken by melting, i.e, when factor ( 1 ) ceases to 
be operative. Inspection of the structure of /7-resorcinol shows that the 
minimum distance of approach between two oxygen atoms has increased, but 
only from 2-66 to 2*70 A. Furthermore, the angle between the two hydroxyl 
bonds has been considerably distorted, and is now 97° for one oxygen atom 
and 123 ° for the other. The hydroxyl bonds in the high-temperature poly¬ 
morph are thus both stretched and distorted, but do not disappear. The 
structures suggest that the reason for the transition is connected with a 
breakdown of the planar resorcinol molecule, i.e. with factor ( 2 ). Details 
of the deformation which this molecule undergoes in /7-resorcinol are given 
in Part I (p. 129). The experimental evidence is against the assumption that 
this decrease in rigidity of resorcinol is due to a large increase in thermal 
motion of the atoms. Rise in temperature may change the resorcinol 
molecule into an excited structure with slightly higher energy. Two struc¬ 
tures which may be considered in this connexion are: 



Fio. 2. Normal resorcinol molecule (a) com¬ 
pared with the Kekul£ structure (6). 



Fig;. 3. One of the possible 
keto forms of resorcinol. 


( 1 ) A stabilization of one of the Kekul 6 forms, with consequent departure 
from the hexagon valency angle (cf. fig. 2 ). The direction of the distortion 
agrees with that observed in /7-resorcinol (cf. fig. 3 , Part I), but the assump¬ 
tion of such a structural change would not account for the fact that the 
oxygen atom is pulled out of the plane of the ring. 

( 2 ) A change of resorcinol into a keto form is suggested by the sub¬ 
stitution experiments of Munzberg ( 1936 ), but a consideration of fig. 3 
makes it clear that this assumption would not account for the fact that the 
0—0 distances are practically unchanged in /7-resorcinol, and that the 
hydroxyl bonds are somewhat longer. Although neither of these structures 



140 


J. Monteath Robertson and A, R. Ubbelohde 


for the distorted resorcinol molecules is in complete accord with experiment, 
it seems desirable to mention them in order to emphasize that an organic 
molecule, with a number of possible arrangements of valency bonds of 
practically the same energy, may pass from the ground structure into one 
of the excited structures if the resulting crystal has a lower free energy. 
8 uch a behaviour would be analogous to the Mills-Nixon effect of neigh¬ 
bouring groups on the benzene nucleus. 

The small heat of transition between the polymorphs might be ascribed 
to the fact that (using the acquisitive convention for signs) the lower van 
der Waals and polarization energy of the denser crystals compensates almost 
completely for the higher strain energy of the bonds. These sources of crystal 
energy could in principle be calculated by summing the mutual potential 
energy of all the atoms, but it is found that the summation series converge 
too slowly to make such a calculation at all informative. It is, however, 
significant that the roughly parallel arrangement of molecules in /?-resor¬ 
cinol closely resembles that of many hydrocarbons, in which the structure is 
determined solely by van der Waals forces. A further point of interest is 
that the deformation of the hydroxyl bonds which takes place when ice I 
changes into the denser ice III (of. W. H. Bragg 1938 ) likewise involves 
only a small heat of transition (0*17 keal./mol.), presumably because the 
strain energy is again nearly compensated by increased van der Waals and 
polarization effects in the denser structure. 

The conclusion from this discussion is that the anomalous change of 
structure with rise in temperature shown by resorcinol is due to the unusually 
open structure of the low-temperature form, which results from the orienting 
influence of hydroxyl bonds on rigid resorcinol molecules. As the tempera¬ 
ture is raised this rigidity breaks down, and since the deformation of 
hydroxyl bonds apparently takes place without much increase in energy, 
the molecules rearrange into a structure resembling many hydrocarbons, 
so as to achieve a lower van der Waals and polarization potential. 


Experiments on the thermodynamic properties of resorcxnol 
Preparation of a- and ft-resorcinol 

In view of the complete determination of structure of a-resorcinol 
(Robertson 1936), this compound was included in a series of investigations 
on the isotope effect in solids (Ubbelohde.1936, 1937c; Robertson and 
Ubbelohde 1937). The effect of substitution of hydrogen by deuterium on the 
lattice spacing is small, and will not be discussed in the present paper. The 
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effect on certain other properties of the crystal is, however, rather striking. 
For example, when a compound with the approximate composition 
C 6 H 4 (OD) 2 is crystallized from boiling benzene, the bulk of the crystals 
belong to a new form, which has been termed / 7 -resorcinol. 

Crystals of / 7 -resorcinol obtained in this way from the deuterium com¬ 
pound are, however, poor and feathery, and unsuitable for accurate deter¬ 
minations of the structure. Repeated attempts to obtain this form by 
crystallizing C 6 H 4 (OH) 2 from boiling benzene were unsuccessful, but the 
possibility that it was identical with the high-temperature polymorph 
(H. Lautz 1913) suggested an application of Ostwald’s rule of successive 
states (cf. Ubbelohde 1937a). By evaporating a dilute solution of resorcinol 
in benzene at ordinary temperatures, the bulk of the spontaneously formed 
crystallization nuclei were in fact found to grow into crystals of the new 
form. In order to avoid the presence of air-borne nuclei of a-resorcinol, and 
also in order to avoid traces of water, the current of air used in evaporating 
the benzene solution was filtered through glass-wool cooled in liquid air 
(cf. Ubbelohde 1933). Crystals of / 7 -resorcinol prepared in this way were 
used in the bulk of the X-ray measurements described in Part I. 

A second method of preparing / 7 -resorcinol, by sublimation in vacuo, 
brings out a further striking difference between C 6 H 4 (OH) 2 and C 6 H 4 (OD) 2 . 
Using a vacuum of about \ mm. and a sublimation path of about 3 cm., 
C 6 H 4 (OH) 2 gives about equal numbers of long a-crystals and of / 7 -crystals 
in the shape of large irregular plates (cf. fig. 4 , Plate 8). Under the same 
conditions of sublimation C 6 H 4 (OI)) 2 gives almost exclusively a-crystals. 
/ 7 -crystals are only obtained at much higher pressures, when the sublimed 
crystals are deposited in regions of comparatively high temperature. 

The origin of these differences between C e H 4 (OH) a and C 8 H 4 (OI)) 2 is 
discussed below. 


Transition between a- and fi-resorcinol 

The identity of / 7 -resorcinol with the high-temperature polymorph 
described by Lautz (1913) was established by taking X-ray powder photo¬ 
graphs of ground-up / 7 -crystals, and comparing these with photographs of 
powdered a-resorcinol, and with the high-temperature polymorph prepared 
as is described below (p. 145 ). In order to investigate the origin of the 
differences between C fi H 4 (OH) 2 and C 6 H 4 (OD) 2 dideutero resorcinol was 
prepared by dissolving 1 Og. resorcinol (B.D.H. A.R.) in 8-5 g. of 09*6 % D 2 0 , 
standing 1 hr., evaporating the D a O in vacuo , and repeating the process 
with three fresh samples of 4 g. D a O. The final purification was carried out 
by sublimation in vacuo . Microcombustions of about 3 mg. of the product 
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were made by Dr Weiler, and showed a carbon content of 03*87 ± 0*05 %♦ 
This compares with the theoretical values of 05*45% for C 0 H 4 (OH S ), 
64*26 % for C Q H 4 (OD) 8 , and 62*07 % for C 6 D 4 (OI)) a , and suggests in agree¬ 
ment with Munzberg ( 1936 ) that in addition to the rapid replacement of 
hydrogen in the hydroxyl groups, substitution in the nucleus has taken place 
by a much slower process. 

The melting-point of resublimed A.R. resorcinol was 109-110°. When 
long single a-crystals were placed in the melting-point tube the breaking up 
of the crystals on changing to /7-resorcinol was clearly visible belpw the 
melting-point. The deuterium compound appears to melt at a slightly 
lower temperature, but the difference is within experimental error. The 
transition into the denser polymorph was determined by a method similar 
to that used by Lautz. About 5 g. of resublimed resorcinol was weighed into 
a special pyknometer, and covered with xylol (previously shaken with strong 
sulphuric acid, distilled and dried over solid KOH), taking care to avoid air 
bubbles by repeatedly evacuating the apparatus. A comparison pyknometer 
was filled with crystals of C fl H 4 (OD) a prepared by sublimation under similar 
conditions. 

Although the volume contraction on changing from a- to /7-resorcinol is 
as much as 0*100 c.c./4 g., the hysteresis observed for both C 0 H 4 (OH) a and 
C 6 H 4 (OD ) 2 made it difficult to determine the true equilibrium temperature 
between the polymorphs. The results of a large number of experiments can 
be summed up by the statement that for C 6 H 4 (OH ) 2 no transition into the 
denser polymorph was ever observed below 74*2° C., even when the crystals 
were nucleated by heating for a short time up to 85° C. to initiate the change. 
For C e H 4 (OD ) 2 the corresponding temperature was 76*0° C. The change 
from one polymorph into the other was always more rapid for the deuterium 
compound ; for example, on storing the //-crystals under xylol for 12 hr. at 
20 ° C., complete reversion to the a form was observed for C e H 4 (OD) a and 
only a small change for C 6 H 4 (OH) 2 . Large single crystals of /?-C e H 4 (OH) a 
show the same transition even more slowly. Figs. 5,0,7, Plate 9 show a series 
of rotation photographs of such a- crystal taken at intervals of 14, 26, and 
48 days after its preparation. It will be noticed that in addition to the spots 
due to the single //-crystal, powder streaks corresponding with crystallites 
of a-resorcinol gradually appear. The fact that these streaks do not form 
complete rings indicates that these crystallites are formed preferentially in 
certain directions, with respect to the original //-crystal. Under the same 
conditions of observation an a-crystal shows no change at ordinary tem¬ 
peratures. 

These results suggest that the differences in behaviour between C 0 H 4 (OD) a 
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and C 6 H 4 (OH) a are due to the fact that the deuterium compound adjusts 
itself more rapidly to the equilibrium conditions prevailing at the moment 
of crystal formation, so that the rule of successive states holds for C a H 4 (OH) a 
whereas for C 6 H 4 (01 )) 2 the most stable modification is obtained. 


The heat of transition front a- to /?-resorcinol 

Measurements of the specific heat of resorcinol (Andrews, Lynn and 
Johnston 1926 ) apparently show no anomaly in the specific heat in the 
neighbourhood of the transition point. From this it could be inferred that 
the heat of transition is small compared with experimental error. The heat 
of transition from a - to /7-resorcinol might, however, have been missed in the 
„ above measurements, on account of the hysteresis, so that an independent 
estimate of the heat of transition was obtained from a comparison of the 
heats of solution of a- and /?-resorcinol in water. 

A simple, calorimeter which was quite satisfactory for this purpose was 
made from a 500 e.c. thermos flask, selected for its good heat insulation. This 
was filled with about 200 c.c. of distilled water, and the neck was fitted with 
apertures for inserting a stirrer, a calibrated constantan heating coil of 
about 37 ohms, a wide tube for the rapid addition of weighed amounts of 
resorcinol, and a thermometer. The temperature could be estimated to 
l/ 100 th of a degree with a reading microscope. The heat capacity of the 
system was measured before and after each addition of resorcinol by passing 
a current, measured with a calibrated ammeter, for a measured time through 
the heating coil. Temperature equilibrium was very rapid, and since the 
heat of solution of resorcinol is positive (see below) it was possible to main¬ 
tain the contents of the calorimeter approximately at room temperature, 
by balancing this heat of solution with the electrical heat input. In this way 
the correction for temperature drift which has to be considered in all 
calorimetric experiments (cf. Eucken 1929 ) was negligible in practically 
all cases. 

Using the acquisitive convention for signs, the heat quantities measured 
in these experimentwre the heats of solution Q 1 and where X Q x * - (heat 
content of X g. a-resorcinol at 0 ° C.) - (heat content of water at 18° C.) 4* 
(heat content of solution at 18° C.), and Q % is the corresponding quantity 
for /?-resorcinol. Q 1 and Q % were found to show only a slight drift with 
increasing concentration, up to 4 % by weight of resorcinol, so that the 
average heat of solution per g. was calulated irrespective of concen¬ 
tration. 

The experimental results may be described by giving an extract from a 
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typical series of observations, together with the average values of Q x 
and Q 2 . 

Time in min. Temp. 


0 

1 
1 

4 

2 

4 

3 


18*77 

18*77 

18*77 

18*77 

18*77 

18*77 

18*77 


3 min. 15*0 sec. to 4 min. 15*0 sec. 


642 mA passed through the heating coil 


4 * 

19*70 

5 

19*74 

5J 

19-75 

6 

19*75 

8J 

19*75 

Add 3-536 g. 

resorcinol 

84 

19*20 

9 

19*20 

04 

19*20 

10 

19*20 

10| 

19*20 


The average of seven complete experiments on resorcinol gave a value 
Q x = + 37*5 ±0*5 cal./g., 

and on /?-resorcinol 

Q 2 = + 35*5 ±0*4 oal./g. 

The average value of Q 2 - for all the experiments was 
* 

Q % — Q x as — 2*0 ± 0*25 cal./g. * — 220 ± 28cal./mol. 

This difference is equal to the difference in heat contents of the a and /? 
forms at 0 ° C. Since there is no large difference between the specific heats of 
chemically similar solids ( Andrews and others 1926 ) the heat change at the 
transition point will be about the same, i.e. 

- 220 ± 28 cal./mol. 

In this result the random errors are as given. The chief systematic errors 
would arise from a heating up of the powdered resorcinol during transfer 
from a bath at 0° C. to the calorimeter, and from the fact that the powders 
used may not have contained exclusively a- and ^-crystals respectively. 
The first source of error would tend to cancel in the difference Q 2 - Q x sinoe 
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the conditions were kept closely similar. The source of resorcinol was a 
finely crystalline sample (B.D.H. A.R.). A powder of /^-crystals was obtained 
by heating this sample to 100 ° C. for 1 hr., and rapidly plunging into ice 
water, and was kept at 0 ° C. till introduced into the calorimeter. The change 
in texture of the powder as a result of this treatment is readily observed. 
No evidence of the alternative form could be observed in either of these 
samples by X-ray powder photographs, even after the ft sample had been 
stored for 24 hr. at 20° C. 

This method of analysis would however fail to detect 10 % of the alter¬ 
native form in the samples used. In order to give a margin for systematic 

errors, the heat of transition should be taken as 

- • 

AH(a-+ft) * 220± 50cal./mol. at 0°C. 

Since the heat of fusion is 5090 cal./mol. (Andrews and others 1926 ), the 
heat of transition does not exceed 5 % of the heat of fusion; this probably 
explains why it has been missed in specific heat measurements. 


The specific volume of liquid resorcinol 

As is discussed above, the molecules in a-resorcinol are arranged in an 
unusually open structure. The analogy of ice suggests that such a structure 
might melt to a more compact liquid. It is not possible to make direct 
observations of the volume change on melting a-resorcinol, but some 
information is available from measurements on tbe supercooled liquid. By 
using a calibrated pykilometer carefully protected from dust etc., it was 
possible to measure the specific volume of liquid resorcinol some 60° below 
the melting-point and 16° below the transition point. These specific volumes 
are given in the diagram (fig. 1 ), together with the values for crystals of a- 
andyff-resorcinolat 20 ° C., as calculated from X-ray measurements. Although 
the curve for the supercooled liquid could not be prolonged down to this 
temperature, it shows quite clearly that there is only a small expansion in 
changing from the arrangement of molecules in a-resorcinol to the arrange¬ 
ment in the liquid. 

The transition in pentaervthritol 

A preliminary investigation of the transition from a tetragonal to a cubic 
structure in pentaerythritol (Ebert 1931 ) was made in order to verify 
whether the large number of hydroxyl bonds in the low-temperature poly¬ 
morph might lead to an anomaly similar to that of resorcinol. The transition 
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however appears to be of the normal kind. The heat of transition is large 
compared with the heat of fusion (Ebert 1931 ). The volume change was 
measured in a pyknometer, using a high-boiling paraffin as indicator liquid. 
Great difficulty was experienced in freeing the crystals from traces of air, 
and especially from traces of water. Even with crystals dried at 150° in air, 
bubbles of steam are evolved in the pyknometer near the transition point. 
These bubbles appear to be resorbed by the pentaerythritol when it passes 
into the cubic structure at 180° C., and are not reevolved till 210 °. In con* 
sequence, there is a contraction in volume on passing through the transition 
point. If the pyknometer and contents are, however, first evacuated for 
several hours at 210 ° C. till practically no more H a O is evolved, and cooling 
curves are then plotted of volume against temperature, there is a more 
rapid decrease in volume when the tetragonal crystals begin to appear. This 
point (about 176° C.) can be readily observed by the change from translucent 
to opaque crystals in the pyknometer. The conclusion from these preliminary 
experiments is that }>entaerythritol shows the normal volume and heat 
changes on transition. The molecule is of course much less rigid than H 2 0 
or C 6 H 4 (OH ) 2 so that this result might have been expected. 

[iVote added in proof . This conclusion is confirmed by the X-ray in¬ 
vestigation of Nitta and Watanabe (1938).] 

In conclusion, we wish to thank Sir William Bragg, O.M., P.R.S., and 
the Managers of the Royal Institution for their interest in this work. We are 
also indebted to Miss Woodward for assistance in preparing the diagrams. 

Summary 

The anomalous temperature relationship between the polymorphs of 
resorcinol is discussed in the light of the crystal structures. The open a-struo- 
ture is maintained by hydroxyl bonds orienting the rigid resorcinol molecules. 
Transition to the denser /^-structure, which resembles that of many hydro¬ 
carbons, is associated with a distortion of the hydroxyl bonds, and a defor¬ 
mation of the resorcinol molecule which may involve a Mills-Nixon effect. 

Experiments are described on the preparation of a- and resorcinol, on 
the transition between the two forms, and on the heat of transition. The 
transition point of C e H 4 (OH ) 2 is about 2 ° lower than that of C 6 H 4 (OD) 8 , and 
the change from one form to the other is considerably more rapid in the 
deuterium compound. The heat of transition from a- to ^-resorcinol is 
220 ±50 eal./mol. Experiments on the volume change from (supercooled) 
liquid resorcinol to either crystal structure show that there is only a small 
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expansion on passing from the open a-structure to the liquid* Experiments 
on the transition between two polymorphs of pentaerythritol show a normal 
temperature relationship for this substance. 
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Description of plates 
Plate 8 

Fin. 4. It will be seen from the crystals photographed that two a'Crystals are 
frequently found joined at a definite angle, and that crystals of //-resorcinol 
can apparently grow out of crystals of a-rasoreinol, presumably because in 
either case the two crystals have approximately the same arrangement of 
molecules at the plane of contact, 

Plate 9 

Flos, 5-7. Rotation X-ray photographs of a crystal of ft resorcinol gradually 
reverting to a resorcinol, showing the preferential orientation of the a crystallites. 
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frequently found joined at a definite angle, and that crystals of /^-resorcinol 
can apparently grow out of crystals of a-resoroinol, presumably because in 
either case the two crystals have approximately the same arrangement of 
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Plate 9 

Figs. 5-7. Rotation X-ray photographs of a crystal of ft resorcinol gradually 
reverting to a resorcinol, showing the preferential orientation of the a crystallites. 
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Classical theory of radiating electrons 
By P. A. M. Dirac, F.R.S., St John's College , Cambridge 
(Received 15 March 1938) 

Introduction 

The Lorentz model of the electron as a small sphere charged with elec¬ 
tricity, possessing mass on account of the energy of the electric field around 
it, has proved very valuable in accounting for the motion and radiation of 
electrons in a certain domain of problems, in which the electromagnetic 
field does not vary too rapidly and the accelerations of the electrons are not 
too great. Beyond this domain it will not go unless supplemented by further 
assumptions about the forces that hold the charge on an electron together. 
No natural way of introducing such further assumptions has been discovered, 
and it seems that the Lorentz model has reached the limit of its usefulness 
and must be abandoned before we can make further progress. 

One of the most attractive ideas in the Lorentz model of the electron, the 
idea that all mass is of electromagnetic origin, appears at the present time 
to be wrong, for two separate reasons. First, the discovery of the neutron 
has provided us with a form of mass which it is very hard to believe could be 
of electromagnetic nature. Secondly, we have the theory of the positron— 
a theory in agreement with experiment so far as is known—in which positive 
and negative values for the mass of an electron play symmetrical roles. 
This cannot be fitted in with the electromagnetic idea of mass, which insists 
on all mass being positive, even in abstract theory. 

The departure from the electromagnetic theory of the nature of mass 
removes the main reason we have for believing in the finite size of the 
electron. It seems now an unnecessary complication not to have the field 
equations holding all the way up to the electron’s centre, which would theft 
appear as a point of singularity. In this way we are led to consider a point 
model for the electron. Further reasons for preferring the point-electron J 
have been given by Frenkel ( 1925 ).* 

We are now faced with the difficulty that, if we accept Maxwell’s theory, 
the field in the immediate neighbourhood of the electron has an infinite 
mass. This difficulty has recently received much prominence in quantum 
mechanics (which uses a point model of the electron), where it appears as 

* See pp. 526 and 527 of Frenkel’s paper. The reason on p. 518 is not valid according 
to present-day knowledge. 
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a divergence in the solution of the equations that describe the interaction 
of an electron with an electromagnetic field and prevents one from applying 
quantum mechanics to high-energy radiative processes. One may think 
that this difficulty will be solved only by a better understanding of the 
structure of the electron according to quantum laws. However, it seems 
more reasonable to suppose that the electron is too simple a tiling for the 
question of the laws governing its structure to arise, and thus quantum 
mechanics should not be needed for the solution of the difficulty. Some new 
physical idea is now required, an idea which should be intelligible both in 
the classical theory and in the quantum theory, and our easiest path of 
approach to it is to keep within the confines of the classical theory. 

A possible line of attack is to modify Maxwell’s theory so as to make the 
energy of the field around the singularity that represents an electron finite. 
This method has been tried by Born, but it leads to great complexity, and 
its present outlook is not very hopeful. 

We shall here proceed froip the opposite point of view. We shall retain 
Maxwell’s theory to describe the field right up to the point-singularity which 
represents our electron and shall try to get over the difficulties associated 
with the infinite energy by a process of direct omission or subtraction of 
unwanted terms, somewhat similar to what has been used in the theory of 
the positron. Our aim will be not so much to get a model of the electron 
as to get a simple scheme of equations which can be used to calculate all 
the results that can be obtained from experiment. The scheme must be 
mathematically well-defined and self-consistent, and in agreement with 
well-established principles, such as the principle of relativity and the 
conservation of energy and momentum. Provided these conditions are 
satisfied, it should not be considered an objection to the theory that it is 
not based on a model conforming to current physical ideas. 

We shall be working all the time with the ordinary Maxwell theory, and 
thus we shall not be led to any essentially new equations. We shall he con¬ 
cerned rather with getting a satisfactory physical interpretation for equa¬ 
tions which are already well known. It may be wondered why this problem 
was not solved long ago, A great deal of work has been done in the past in 
examining the general implications of Maxwell’s theory, but it was nearly 
all done before the discovery of quantum mechanics in 1925, when people 
gave all their attention to the question of how an electron could remain 
in on atomic orbit without radiating—a question we now know can be 
* answered only by going outside classical theory—and were thus not 
interested in simply looking for the most natural interpretation their 
equations will allow. 


ZO'2 



150 


P. A. M. Dirac 


The fields associated with ah electron 

We shall deal first with the problem of a single electron moving in an 
electromagnetic field. We shall use relativistic notation throughout, ta k i n g 
the velocity of light to be unity. When we want to pass from the contra- 
variant form K m to the covariant form A> of a vector, we shall use the funda¬ 
mental tensor g** appropriate for flat space-time, with components g 00 » 1 , 
gii _ „ ^33 « _ the other components vanishing. We shall also some¬ 

times use the scalar product notation 

(K, L) - jr,j> - K 0 L 0 - K X L X - K 2 L 2 - K 9 L B . (1) 

Let us suppose the world-line of our electron in space-time to be known 
and to be described by the equations 

( 2 ) 

where the z^s) are given functions of the proper-time s. We have, of course, 
dz 0 /ds>Q. The electromagnetic potentials A at the point satisfy the 
equations 


dA„ 

dx M 

= 0, 

(3) 

oa m 

i! 

<3. 

> 

(4) 


where j M is the charge-current density vector. With our present model of 
the electron, ^vanishes everywhere except on the world-line of the electron, 
where it is infinitely great. The singularity in j M may conveniently be 
expressed in terms of ^-functions, and is easily seen to be 

C dz 

jp ~ ® I 5 ( X 0 ~ ~o) ^(*1 — z l) ~ Z s) ~ 2 $) ds (6) 


for an electron of charge e. From the potentials the field quantities Ft" 
can be derived according to 




BA" BA* 
dz,, Bx„' 


(«) 


Equations (3) and (4) have many solutions and thus do not suffice to fix 
the field. One solution is provided by the well-known retarded potentials 
of IJ6nard and Wieohert. We shall call the field derived from these potentials 
F{* t . We can obtain other solutions by adding to thiB one any solution of 
(3) and 


CM, - 0, 


(7) 
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representing a field of radiation, The particular solution that represents the 
actual conditions in our one-electron problem will be the sum of the retarded 
potentials and the potentials satisfying (7) that represent the incoming 
electromagnetic wares incident on our electron . Thus, calling the actual 
field Ffi£ t and the incident field Ff*, we have 

( 8 ) 

Another important solution of (3) and (4) is that provided by the advanced 
potentials. We call the field derived from it We should expect F^ to 
play a symmetrical role to F^ t in all questions of general theory. Let us 
therefore put, corresponding to (8), 

Jfc-JST+Jat. ( 9 ) 

defining in this way a new field F ^ t . This field is derivable from potentials 
satisfying (7) and thus represents some field of radiation, and we should 
expect it to play a symmetrical role in general theory to JFV^, so that it should 
be interpretable as the field of outgoing radiation leaving the neighbourhood 
of the electron. The difference 


(10) 

would then be the field of radiation produced by the electron. This difference 
may, from (8) and (9), be expressed as 

( 11 ) 


which shows that it is completely determined by the world-line of the 
electron. In the appendix it is calculated near the world-line and found to 
be free from singularity and to have the value on the world-line 


p _ W_ d \ dz A 

'"’ rad 3 \da a da da* "da)’ 


( 12 ) 


Let us compare our result (11) with the usual one for the radiation pro¬ 
duced by an accelerating electron. For definiteness, suppose we have an 
eleotron initially moving with constant velocity, then undergoing an 
acceleration and finally getting again into a state of constant velocity. 
According to the usual theory, the radiation emitted by the eleotron while 
it is aooelerating will be given by the value of Fj£ t at great distances from 
the eleotron and at correspondingly great times after the time of the 
acceleration. This will be equal to the value of the right-hand side of (11) 
at these distances and times, since F^ dy will be zero in this part of space-time. 
Thus our result ( 11 ) for the radiation produced by an accelerating electron is 
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in agreement with the, usual one in that region of space-time where the usual 
one is defined . Our result goes beyond the usual one in providing a definite 
value for the field of radiation throughout space-time, which is an advantage 
in giving us a meaning for the radiation field close to the electron* (The 
usual theory gives this field inextricably mixed up with the Coulomb field,) 
Our result also gives a meaning for the radiation field before its time of 
emission, when it can have no physical significance. This, however, is 
unavoidable if we are to have the radiation field well defined near the 
electron. 

Our theory has attained symmetry between the use of retarded and 
advanced potentials. This symmetry will be maintained in all general 
theoretical discussions, but it will not apply to practical applications, since 
we then have given (very often it is zero), while its counterpart 
is unknown. 

A field that we shall need in the future is ft*, defined as the actual field 
minus the mean of the advanced and retarded fields, 

r&-i<r&+ra T ). (13) 

It is derivable from potentials satisfying (7) and is free from sin gula ri ty 
on the world-line of the electron. It is, in fact, from (8) and (9), just the mean 
of the ingoing and outgoing fields of radiation, 

F'-m + FSJ- 


The equations of motion of an electron 

To complete our theory of the interaction between an electron and the 
electromagnetic field we require equations of motion for the electron— 
equations to determine the world-line which we assumed known in the 
preceding section. We can get information on this question from the laws 
of conservation of energy and momentum. We surround the singular world¬ 
line in space-time by a thin tube, whose radius is much smaller than any 
length of physical importance in our one-electron problem, and we calculate 
the flow of energy and momentum across the (three-dimensional) surface 
of this tube, using the stress tensor T pp of Maxwell’s theory, calculated from 
the actual field F{% t according to the formula* 

= F pv F p v + i g^F^ F*?. ( 14 ) 

_ * Tho usual derivation of the stress-tensor is valid only for continuous charge 
distributions and we are here using it for point charges. This involves adopting as 
a fundamental assumption the point of view that energy and momentum are localized 
in the field in accordance with Maxwell’s and Poynting’s ideas. 
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We then have the information that the total flow of energy (or momentum) 
out from the surface of any finite length of tube must equal the difference 
in the energy (or momentum) residing within the tube at the two ends of 
this length, and must thus depend only on conditions at the two ends of 
this length. In mathematical language, the rate of flow of energy (or momen¬ 
tum) out from the surface of the tube must be a perfect differential. 

It is easily seen that the information obtained in this way is independent 
of what shape and size we give to our tube (provided it is sufficiently small 
for the Taylor expansions used in the calculations to be valid). If we take 
two tubes sxirrounding the singular world-line, the divergence of the stress 
tensor dT pp /dx p will vanish everywhere in the region of space-time between 
them, since there are no singularities in this region and (7) is satisfied 
throughout it. Expressing the integral 

({(jdT^/dXp. dx 0 dx l dx i dx 3 

over the region of space-time between a certain length of the two tubes as 
a surface integral over the (three-dimensional) surface of this region, we 
obtain immediately that the difference in the flow s of energy (or momentum) 
across the surfaces of the two tubes depends only on conditions at the two 
ends of the length considered. Thus the information provided by the 
conservation laws is well defined. 

The calculations involved in getting this information are rather long and 
are given in the appendix. We choose the simplest shape of tube, a tube 
which is spherical, of constant radius e, for each value of the proper-time, 
in that Lorentz frame of reference in which the electron is then at rest. 
To save writing we put v p for dz p jds and use dots to denote differentiations 
with respect to a. We note for future use the elementary equations 


V* = 1 

(16) 

O 

li 

i 

(16) 

(vV) + v 2 = 0 

(17) 


in the vector notation (1). 

The result of the appendix is now that, with/"*' defined by (13), the flow 
of energy and momentum out from the surface of any length of tube is 
given by the vector 

- evj/] de, 

integrated over the length of tube, where terms that vanish with e are 
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neglected. This must depend only on conditions at the two ends of the length 
of tube, so that the integrand must be a perfect differential, i.e. 

\^e~ l Vp - evj/ = ip. ( 18 ) 

This is as far as we can get from the laws of conservation of energy and 
momentum. To fix our equations of motion for the electron, we must make 
some further assumption to fix the vector B^ From (18) we see that 

(v6) = ^e-^vv) ~ 0, (19) 

with the help of (16), which restricts our choice of B^ Apart from this, 
Bp may be any vector function of and its derivatives. The simplest Bp 
satisfying the restriction (19) is 

Bp - kv fn ( 20 ) 

where k is a constant. There are other possible expressions for B h satisfying 

(19) , for example, 

Bp ~ k f [ir 4 Vp 4- 4(vV) Vp], 

k' being another constant, but they are all much more complicated than 

(20) , so that one would hardly expect them to apply to a simple thing like 
an electron. We therefore assume (20). 

Substituting (20) into the right-hand side of (18), we see that the constant 
k must be of the form 

( 21 ) 

where m is another constant independent of’ e, in order that our equations 
may have a definite limiting form when e tends to zero. We then get 

mv M « evj/, ( 22 ) 

as our equations of motion for the electron. They are of the usual form of 
the equations of motion of an electron in an external electromagnefcio 
field, with m playing the part of the rest-mass of the electron and / ^ the 
actual field minus the mean of the advanced and retarded fields, playing 
the part of the external field. 

Equations (22) are not in a form suitable for application to practical 
problems where we are given, not f * 9 but the incident field F /t . The con¬ 
nexion between these two fields is, from (13), (8) and (11), 

n + iF/rad 


(23) 
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with the help of ( 12 ). Substituting this into ( 22 ) and using (15) and (17), 
we get 

mi)^ - §e% - fe 2 * 2 ^ « ev y \ n . (24) 

These are the sam4 as the equations of motion obtained from the Lorentz 
theory of the extended electron by equating the total force on the electron 
to zero, if one neglects terms involving higher derivatives of v than the 
second. But whereas these equations, as derived from the Lorentz theory, 
are only approximate, we now see that there is good reason for believing them 
to be exact , within the limits of the classical theory. 

To discuss the significance of equations (24), let us take the equation with 
}i “ 0 , describing the energy balance. The right-hand side, which gives the 
rate at which the incident field does work on the electron, is equated to the 
sum of the three terms mv Q , — § e 2 v 0 and — §eH z v 0 . The first two of these 
are perfect differentials and the things they are the differentials of, namely 
mv 0 and — may be considered as intrinsic energies of the electron. 
The former is just the usual expression for the kinetic energy of a particle 
of rest-mass m, while the latter is what is called the “acceleration energy ” 
of the electron (Schott 1915 ). Changes in the acceleration energy correspond 
to a reversible form of emission or absorption of field energy, which never 
gets very far from the electron. The third term - §e a V % 0 corresponds to 
irreversible emission of radiation and gives the effect of radiation damping 
on the motion of the electron. It is necessarily positive, since, according to 
(16), v M is orthogonal to the time-like vector v^ and is thus a space-like vector, 
and hence its square is negative. 

Let us see how the kinetic energy term arises. The B fl introduced in (18) 
can be interpreted as minus the vector of energy and momentum residing 
within the tube at any value of the proper-time. Thus, from ( 20 ) and ( 21 ), 
the energy within the tube must be negative and must tend to — 00 as e 
tends to zero. This negative energy is needed to compensate for the large 
positive energy of the Coulomb field just outside the tube, to keep the total 
energy down to the value appropriate to the rest-mass m . If we want a model 
of the electron, we must suppose that there is an infinite negative mass at 
its centre such that, when subtracted from the infinite positive mass of the 
surrounding Coulomb field, the difference is well defined and is just equal 
to m. Such a model is hardly a plausible one according to current physical 
ideas but, as disoussed in the Introduction, this is not an objection to the 
theory provided we have a reasonable mathematical scheme. 
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Application of the equations of motion 

Let us now accept equations (24) as giving an exact description of the 
motion of an electron in a specified incident field and investigate some of 
their consequences. The equations involve v /t , which means that the motion 
will not be determined if we are given only the position and velocity of the 
electron at one instant of time. We must also be given its acceleration. 
The equations can then be used to determine the rate of change of the 
acceleration and the whole motion will then be fixed. 

As an interesting special case let us suppose there is no incident field, 
so that we have the equations of motion 

aVp-iip-vht^ = 0, (26) 

where a = 3m/2e 2 . In general the electron will not now be moving with 
constant velocity, as it would according to ordinary ideas, since we may 
suppose it to be started off with a non-zero acceleration and it cannot then 
suddenly lose its acceleration. Let us pass over to the notation x, y, z, t 
instead of z v z a , z 3 , z 0 and choose a system of co-ordinates so that the initial 
velocity and acceleration are in the direction of the x-axis, or, in relativistic 
language, the initial velocity and acceleration four-vectors lie in the (xt) 
plane. Then from symmetry considerations the motion roust lie entirely 
in this plane. 

The equations (26) now become 


ax — x —x(l 2 —x a ) = 0, (26) 

at-I-lit 2 -x 2 ) = 0. (27) 

Equations (15), (16) and (17) give 

l 2 —x 2 » 1, (28) 

it -XX * 0, (29) 


(It -xx) + (l 2 —x 2 ) = 0, 


from which we see that x times equation (26) minus l times equation (27) 
vanishes identically, so that either of these equations is equivalent to the 
other. Eliminating i from (28) and (29), we get 


i 


'( 1 +**)*’ 

which gives, on being substituted into (26), 


oai-2 + 


XX 


V* 


1+i* 


0 . 



Classical theory of radiating electrons 


157 


If x does not vanish, we may write this as 

x xx 

a-- ; + r—r 4 = 0, 

X 1 -f X 2 

and integrate immediately, to get 

a$ — logi:+ £log(l + ^ 2 ) 355 c > 

where c is a constant of integration. It is convenient to choose the origin 
from which s is measured to make c = - log a. We then have 


(1 +i 2 )* ’ 

which can be integrated again, to give 

log[i+(l*f i 2 )*] = e m + b , 

where b is another constant of integration* We may writ© this result as 


x * sinh (e°*-f&),l 
i = cosh^ + b).' 


(30) 


We now have that, as s tends to — oo, the velocity tends to a constant 
value, given by x — sinh b or dxjdt = tanh b. As s increases from — oo, 
the motion departs from the asymptotic motion of constant velocity, and 
the velocity steadily increases. For large values of s the velocity tends to 
the velocity of light according to an extremely rapid law. 

At this stage one would be inclined to say that there is a mistake in sign 
in our equations and that we ought to have e~ a * instead of e°* in (30). With 
this alteration we should have a theory in which, if an electron is disturbed 
in any way and then left alone, it would rapidly settle down into a state of 
constant velocity, with emission of radiation while it is settling down. This 
would be a reasonable behaviour for an electron according to our present-day 
physical ideas. However, it is not possible to tamper with the signs in 
our theory in any relativistic way to obtain this result, without getting 
equations of motion which would make the electron in the hydrogen atom 
spiral outwards, instead of spiralling inwards and ultimately falling into 
the nucleus, as it should in the classical theory. We are therefore forced to 
keep the signs in (30) as they are and to see what interpretation we can give 
to the equations as they stand. This will lead us to the most beautiful feature 
of the theory. 

The motion (30) is certainly never observed for an electron in the absence 
of incident radiation. This does not give a contradiction between our theory 
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and observation, however, since our equations of motion (25) admit of 
alternative solutions, namely v M — constant, which are in agreement with 
observation. We must merely impose the condition that these solutions 
are the ones that occur in Nature. Let us see how this condition works in 
a practical problem. 

Suppose we have an electron which is disturbed by some electromagnetic 
radiation incident on it and is then left alone. We may use oxir general 
equations of motion (24) and must restrict ourselves to those solutions for 
which the velocity is constant during the final period when the electron is 
left alone. This will in general prevent us from having the velocity exactly 
constant during the initial period before the disturbance has arrived and 
will compel us then to have a motion of the form (30), with the electron 
gradually building up a small acceleration. The difference of such a motion 
from one of constant velocity is too small to show itself as a contradiction 
with observation, so that we can get agreement between the solutions of 
our equations and observed motions on these lines. 

* We now have a striking departure from the usual ideas of mechanics. 
W e must obtain solutions of our equations of motion for which the initial position 
and velocity of the electron are prescribed , together with its final acceleration , 
instead of solutions with all the initial conditions prescribed . 

Motion of an electron disturbed by a pulse 

To study the rather unexpected results of the preceding section more 
closely, let us take a typical special case, which is sufficiently simple to be 
worked out completely. Suppose we have an electron initially at rest, 
disturbed by a pulse of electromagnetic radiation passing over it. To simplify 
the mathematics as much as possible, let us suppose the duration of the 
pulse to be infinitely short, so that the electric force is represented by 
a ^-function, say 

<? x *=k$(t-y) 0, (31) 

in the xyzt notation, where k is a constant, giving us a pulse polarized in 
the direction of the a?-axis and moving in the direction of the ^-axis. We 
shall consider a motion for which the electron remains always in the plane 
y » o, z » 0 in space-time (neglecting the magnetic effects of the pulse). 

Substituting (31) into our equations of motion (24), we get 

ax - x - x{i* — a?*) » k S(t) (32) 

where k - 3fc/2e. The equation involving 1 is not independent of this one 
and may be ignored. Let us now suppose h to be sufficiently small for the 
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velocity acquired by the electron to be small compared with the velocity 
of light, so that we may neglect relativistic effects. Equation (32) then 
reduces to 

aii — x « K$(t) f (33) 


in which we may take the dot to denote differentiation with respect to £. 
Equation (33) shows that, at the time $ = 0, x increases discontinuously by 
an amount — x, and before and after this time we have 

ax — x~0. (34) 

According to the conclusions of the preceding section, we must take a 
motion for which, after t = 0, x is a constant, q say. We now have x zero just 
after / = so it must have the value k just before. The general solution of 
(34) is 

x = + 


where c x and c 2 are constants of integration. To obtain the motion of our 
electron before t = 0 , we must choose these constants of integration so that 
x — 0 for t = — oo and x = k for t =* 0 , the former condition taking into account 
that the electron Is initially at rest. This fixes c 2 » 0 and c x = Kja. Finally, we 
have the condition that x must be continuous at = 0 (since there is no 
8- function in £), which gives us q**c v Thus the solution of our equations 
of motion is 


x = K/a.e ai , t< 0, 
= Kja, t> 0. 


(35) 


We can describe the motion by saying that the electron is, to a high 
approximation, at rest for large negative values of t, but as t approaches 
zero it acquires a velocity and acceleration, in accordance with equations 
(30), of such amounts that just before t~ 0 the acceleration has the right 
value to be exactly cancelled by the effect of the pulse, so that after £ = <) 
the electron is left moving with constant velocity. It would appear here 
that we have a contradiction with elementary ideas of causality. The electron 
seems to know about the pulse before it arrives and to get up an acceleration 
(as the equations of motion allow it to do), just sufficient to balance the 
effect of the pulse when it does arrive. The electron will, of course, radiate 
all the time it is accelerating and will thus be radiating before t «* 0. 

The behaviour of our electron can be interpreted in a natural way, 
however, if we suppose the electron to have a finite size. There is then no 
need for the pulse to reach the centre of the electron before it starts to 
accelerate. It starts to accelerate and radiate as soon as the pulse meets 
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its outside. Mathematically, the electron has no sharp boundary and must 
be considered as extending to infinity, but for practical purposes it may be 
considered to have a radius of order a" 1 , this being the distance within which 
the pulse must arrive before the acceleration and radiation are appreciable. 

The above interpretation leaves one further point to be examined. 
Suppose we have a pulse sent out from a place A and a receiving apparatus 
for electromagnetic waves set up at a place B, and suppose there is an electron 
on the straight line joining A to B. Then the electron will be radiating 
appreciably at a time a~ l before the pulse has reached its centre and this 
emitted radiation will be detectable at B at a time a ' 1 earlier than when 
the pulse, which travels from A to B with the velocity of light, arrives. 
In this way a signal can be sent from A to B faster than light. This is a funda¬ 
mental departure from the ordinary ideas of relativity and is to be inter¬ 
preted by saying that it is possible for a signal to be transmitted faster than 
light through the interior of an electron . The finite size of the electron now 
reappears in a new sense , the interior of the electron being a region of failure, 
not of the field equations of electromagnetic theory , but of some of the elementary 
properties of space-time. In spite of this departure from ordinary relativistic 
ideas, our whole theory is the Lorentz invariant. 

Some interesting points about the solution (35) of our problem may be 
noted. In the first place, the total momentum acquired by the electron is 

mfc/a * ek. 

This is precisely the same as the momentum the electron would acquire 
on an elementary theory which ignores the radiation damping completely. 

Secondly, let us determine the spectral distribution of the radiation 
emitted by the electron. The rate of emission of energy is fe a x 8 and its 
spectral distribution is given by the Fourier resolution of x. Thus the energy 
emitted per unit frequency range will be 

E v = f e 2 j J xe* nM dt 

2 e s K* 2eW 

~ 3(a 2 + 4»rV) “ 3w*(l + 4jr*j'*/a i >)' (36) 

If we resolve the incident pulse into its Fourier components and suppose 
each component to be scattered in accordance with Thomson’s formula, 
we should obtain for the energy scattered per unit frequency range the 



Classical theory of radiating electrons 161 

value 2e 4 i 2 /3m 2 , This is the same as (36) for values of v small compared 
with a. 

It has been suggested by Oppenheimer ( 1935 ), as a possible escape from 
the discrepancy between theory and cosmic ray observations for the 
penetrating power of fast electrons, that it may not be permissible to calcu¬ 
late the scattering of the various Fourier components of the radiation 
incident on an electron independently, but that the presence of the high- 
frequency components may reduce the scattering of the low-frequency 
components. We now see that this suggestion is not supported by our theory 
and some other explanation of the discrepancy, such as the recently pro¬ 
posed heavy electron, is needed. 


Extension to several electrons 

The foregoing theory may easily be extended to apply to any number of 
electrons interacting with each other and with a field of radiation. Let us 
label the electrons by a suffix n or m. The nth electron will have its own 
retarded field F% ^ and advanced field Ff* ttd v , determined by its world-line, 
and the difference 

^ret-^adv (37) 

may be considered as the radiation field produced by the nth electron. 
Equation ( 12 ) will still apply for the value of this field on the world-line 
of the electron producing it. 

Generalizing ( 8 ), we have that the actual field is equal to the incident 
field plus the sum of the retarded fields of all the electrons, 

*Tot - F^ + I n F^ t . (38) 

Similarly, generalizing (9), we have 

F&t - + (39) 

Subtracting, we find that the total radiation field produced by the assembly 
of electrons is 

FR „ - F&-F& - ZjFg^-F*^), 

which is thus the sum of all the above-defined radiation fields produced by 
the electrons individually. Of course only the total radiation field is 
observable, that for an individual electron being merely a mathematical 
concept. 

To get the field/£" which must be inserted into the equations of motion ( 22 ) 
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for the nth electron we must, generalizing (13), subtract the mean of the 
retarded and advanced fields of this electron from the actual field, thus 

/r - Wret + ^adv)* ( 4 °) 

With the help of (38) we may write this as 

R v - Ff a +Z m + n F % t + -PC^v)- 

Substituting this into ( 22 ) and proceeding along the same lines as those 
which led to (24), we get the final equations of motion 

mv,,n —S e *V. - v = {^J n + ret }- ( 41 ) 

The field on the right-hand side here is just the incident field plus the 
retarded fields of all the other electrons, which is in agreement with current 
practice. It is interesting to remember that this result has been obtained 
in a theory which is fundamentally symmetrical between retarded and 
advanced potentials. 

From (40), (38) and (39) we have 

Pn - m + F ’o»t) + \ ret "1" adv)* (42) 

Suppose now we are concerned with a problem in which 

*£ + *£ t-0. (43) 

Then the field /ft’* to be used in the equations of motion ( 22 ) forth© 7 *th 
electron is just the sum of the mean of the retarded and advanced fields of 
all the other electrons. The interaction of the electrons for this case has 
been studied by Fokker ( 1929 ), who finds that the motion of all the electrons 
may now be described by a variation principle 

SI = 0, . (44) 


In our present notation I would have the form 


Z n \md8 n + \Z n Z m +n f r ^- V f> n + K»^ m+ n f 

J J y^n *m t V M/ J \ z m " z n > Y m) 


(45) 


where the two double sums are to be taken over all pairs of electrons, and 
in the first we must take for z m and v #ft their retarded values (with respect 
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to the point on s n considered), and in the second we must take their advanced 
values* 

When the condition (43) does not apply, Fokker’s variation principle (44) 
will still hold provided we add on to I the terms 

^«eJi(*4f n +^g nt ) V (fo w> (46) 

involving the potentials of the mean of the ingoing and outgoing fields. 
The variation principle will not be of much use in practical problems, where 
this mean field is unknown, but it may be of value in suggesting how the 
quantum generalization of our theory is to be made. 


Appendix 

We shall consider an electron whose world-line is given by equations ( 2 ) 
and shall evaluate field quantities at the point x^ The retarded potentials 
at this point are, in the scalar product notation ( 1 ), 


ez„ 


A a*_ _/L _ 


(47) 


taken at the retarded proper-time, namely that value of 8 for which 


(x z, x — z) = 0 (48) 

with x 0 — z 0 positive. We can get A ^ m in a form suitable for deriving the 
field quantities ( 6 ) from it with the help of the ^-function. Using the general 
property of the ^-function, that with f(s) and g(s) any two continuous 
functions of 8 and ${s) > 0 , 

J/(«) %(#)} da - J™ %(#)} dg(a) = ^, (49) 

taken at the value of s in the range of integration that satisfies g{«) — 0 , 
we can express (47) in the form 

A,, tnx = 2ejz /t S(x-z,x-z)de, (50) 
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where the range of integration is from — oo to some value of s intermediate 
between the retarded and advanced times. We now have 


dx 


= 4e(z tt {af-z r }S'(x-z,x-z)ds 

X V J 


bo that F 


/<i\ rot 






(4, x-z) 


£(X-Z,X- 


z)rf,s. (51) 


In the form of (47), this result becomes 

V , *._-_r.ft ft fe7 . ft 4 (52) 

flV%rct (t i x~z)d,8 (±, x-z) 1 ; 

taken at the retarded proper-time. 

Let us now suppose the field point x fi to lie very close to the world-line 
of the electron, so that we can put 

a> = ) + 7 M > ( 53 ) 

where they^'s are very small. Weshall evaluate thefield quantities by means 
of Taylor expansions in which the coefficients depend on z /t and its successive 
derivatives with respect to s, namely v^ v /P taken at the proper-time a 0 . 
Similar expansions have already been made by Page ( 1918 , 1924 ), working 
with the Lorentz model, but the coefficients in his expansions involve the 
d/dt derivatives instead of the d/ds ones, which is not so convenient for 
a relativistic theory. For brevity, the value s 0 of the proper-time will not 
be mentioned explicitly in the coefficients, but will be understood. 

Without loss of generality we may assume the point * 0 to be chosen so that 

(yv) = 0 (54) 

for tho value of v at the proper-time 8 0 . This equation will be much used in 
the future, together with the equations (15), (16) and (17). 

Let the retarded proper-time, to be used in the right-hand side of (47) 
or (52), be * 0 — cr, <r being a small positive quantity of the same order as the 
We shall obtain expansions for the retarded field quantities, given by 
the right-hand side of (52), in powers of cr. These field quantities are of the 
order er “ 2 and we shall need to have them correctly to the order of terms 
independent of cr, so we must retain terms of the first three orders in aJi 
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our expansions. To make the calculations clearer, commas will be inserted 
to separate terms of different orders of magnitude. 

We have the Taylor expansions 

Xjt - Z^s o - or) = y M 4* crv ^, - {(rH ^, + ^cr 3 ^, (55) 

^(* 0 -^) = v + £ <r2 V ( 56 ) 

These give, with the help of (15), (16), (17) and (54), 

(i,x- z)«or, — ct(yv), + icr^YVJ-ior 3 ^ 2 , 
and hence (^x-z)" 1 - o—^[l — (YV)l^ 1 Tl** ~ 

It saves a little writing if we do not expand the factor [1 — (y^)]*" 1 . We have 
again from (55) and (56) 

= yv . - fri, r, - v ,, + r, + ^v /t v, -, 

where the minus sign at the end indicates that we must subtract the terms 
obtained by interchanging ju and p, so as to make the whole expression 
antisymmetrical in // and j\ We now get 

(2,x-z) 

= [1 — ( tv )]' 1 -'b ll y v -k<rv ll v v , -£(y 

+ icrv^y, + - ]• 

We have to differentiate this expression with respect to s. This is equivalent 
to differentiating with respect to cr and changing the sign, as we have not 
yet used the condition that fixes cr. Thus 

Ss (2, x-z) 

= - U -( y ^)]~ 1 [-. + ¥\ y » +~]> 

and hence 

^,ret - e[lHYv)]~ 2 [-' r ~\ ( 7 ' 1 , ) -\<T-H lt v v , + \<r-\yV)v ll y v 

+ (57) 

We must now determine the value of <r. From (48) and (55) 

Y* + cr*, - cr*(yv), + ^(yV) - ^r 4 * 2 » 0. 


(58) 
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Since y is ft space-like vector, y 2 is negative. We put it equal to — e a , e being 
a positive number. To solve equation (58) for tr, we note that to the 
first order, so that, without spoiling the accuracy of the equation, we may 
rewrite it 

— e 2 + cr 2 , — <r 2 (yv), + Je^yV) * 0. 

Hence <x 2 « [1 - (yv)]" 1 [e*„ - *e»(yV) + &e***], 

so that <r « e[l - (yv)]~ 4 [1 J? - Je(yV) +^fc ,2 v 8 ]. (59) 

Substituting this expression for cr in (57), we get 

^.ret -c[l-(yv)rM“^; /t y,, - lr 1 $ fi v ¥ [l,+ (yv)] 

+ i^v^y, + $e-M^y„ + - }• (60) 

This gives us the retarded field close to the world-line of the electron. To 
obtain the advanced field at the same field point, it is easily seen that we 
must change the sign of e in the right-hand side of (00) and also change the 
sign of the whole expression. Thus the mean of F flVt ret and F fn , t a(lv will be 
given by the terms of odd powers of e in (GO), and half their difference, 
\{F^ ret ~~ F flVt advb will be given by the terms of even powers of e. The only 
terras of even powers are the last term written down explicitly and the term 
obtained from it by interchanging ji and v. These remain finite on the 
world-line of the electron and give the result (12) for the value of 
Fftv, ret “ adv on tho world-line. 

With f fiv defined by (13), we now have for the actual field close to the 
world-line 

F p» = e[l - (yv)]~* {[e ~ 3 - le-iv 2 ] [y p v v - 

+ ie- l ll + (YV)] [V^y-v.v^, + K-»t^y r -« r y4 +/*»• 
We shall evaluate F pv F v p to the accuracy of e~ 2 . We note first that 
[y^v ~ 7.*’,,] [yv p - y„<| = - y p y p + e\v p 

= Vptp+i Y*)v p v p 

lY, v » - Y» v „] [VYp - Vpr] = - **7 ,Yp ~ (Y v ) v pYp - e *v/’p 
[v p i\- v v v p ] [v?v p t- v p if] = - ir\v p -v p v p . 

With the help of these results we obtain 

F pv F" p - «•[ 1 - (YV)]" 1 {[e-® - ie^v 2 ] [- 7 ^ 7 ,+ e\v p ] 

+ $«~ 4 [1 + (yt')J t Yp*, + Y P Vp + 2(y*) v p v p ] - p 

+ W ( v pYp + v pYp) + e a (VpVp + VpVp)] - \e~\\hi p v p + 

+ ee “ 8 { [Y, V v ~ Yv Vp\f% + [Y“ v p - Yp }. 
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Contracting, we find 

Ff, F»* = e*[l - (yv)]- 1 {[«-• - Je~ 4 * 2 ] 2e 2 + $e~\l + (yv)] 4(yv) 

- ie 4 [ — 2e*v 2 + 2e 2 (vv)] - |e~ 2 v 2 l + 2 ee-^y^-y^fa 
= e*[ 1 - (yv)]- 1 {2e~ 4 [ 1 + (yv) + (yv) 2 ] + 6~ 2 v 2 } + tee^y^vj^. 

We can now get the stress tensor T pp defined by (14). However, we shall not 
require the complete tensor, but only its component in the direction of y, 
namely — e ~ l T pi ,y>'. We have 

inT /tp yp = 

= e 2 [l - (yv)]' 1 {[e- 4 - Jr- 2 v 2 ] y„ + \e~V + (yv)] [(y*) y„ - e\] 

+ e ~ 2 v 2 r / , - ie- 2 (yv) v /t - f k- 4 + £e~ 4 (yv) + ie- 4 (yv) 2 + le~ 2 v 2 ] y p } 
+ «e- s f y /t v„f p yp + ehff /w - y p vJ v Py p } 

= «*[1 - (yt)]- 1 {fie- 4 + Je- 2 ^ 2 ] y p - ie- 2 [l + |(yv)] v p \ +ct~V/^. 

(61) 

We must now determine the flow of energy and momentum out from the 
tube introduced on page 153. The surface of this tube is described by that 
equation which is the result of eliminating a from the two equations 

(x -z, x-z) = — e 2 (62) 

(x-z,v) = 0, (63) 

in which z and v are considered as functions of s. Let us make a variation 
of the point x p on the surface to the point x p + dx /t , also on the surface, and 
let us suppose this corresponds to a varying by an amount da. We then have, 
varying (62) and (63), 

(x-z,d x-vda) = 0, 

(dx-vds,v) + (x-z,vd«) = 0, 
which reduce, with the help of (63) and (15), to 
(x-z,dx) = 0 

(dx,v) = [l-(x-z, ❖)]<£». 


Putting the x-z here equal to y, in agreement with equation (63), we have 

(y,dx) = 0 (64) 

(dx,v) « [l-(y*)J<&. (65) 
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Equation (64) shows that the normal to the surface is in the direction of the 
vector y> and equation (05) shows that if we split up dx into a part d t x 
orthogonal to v and a part d 2 x parallel to v, then the magnitude of d a x is 

|d 2 x j = [l-(Y*)]<fe. (66) 

Now the three-dimensional ‘‘area’’ of an element of the surface is equal 
to the two-dimensional area, (IS say, of an element of a section of the surface 
by a three-dimensional plane orthogonal to v, multiplied by the element 
| d 2 x | parallel to v. Hence the flow of energy and momentum out through 
the surface is 

jj-e-'T^yfdS \d 2 x\ 

= - (47 7 )- 1 JJ[^ 2 {(i f ' r> + k * 3 v 2 )y /i - 3 [ I + f (yC I i\} + ee~ V/^] dSds, 

(67) 

from (61) and (66), with neglect of terms that vanish with e. The integration 
with respect to dS here is just integration over the surface of the sphere in 
three-dimensional space given by (62) and (63) for a particular a. The terms 
linear in y in the integrand will contribute nothing to the integral, while 
the remaining terms will get multiplied by the area of the sphere, namely 
Ane*. Thus (67) becomes 

J - ev"f MV } ds, (68) 

which is the result used on page 153. 


Summary 

The object of the paper is to set up in the classical theory a self-consistent 
scheme of equations which may be used to calculate all the results that can 
be obtained from experiment about the interaction of electrons and radia¬ 
tion. The electron is treated as a point charge and the difficulties of the 
infinite Coulomb energy are avoided by a procedure of direct omission or 
subtraction of unwanted terms, somewhat similar to what has been used 
in the theory of the positron. The equations obtained are of the same form 
as those already in current use, but in their physical interpretation the 
finite size of the electron reappears in a new sense, the interior of the electron 
being a region of space through which signals can be transmitted faster 
than light. 
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The crystal structure of certain bridged 
palladium compounds 

By A. F. Wells 

Crystallographic Laboratory , Cambridge 
{Communicated by J. D. Bernal , F.It.S.—Received 26 March 1938) 


Introduction 

Many compounds have been formulated with metal atoms “bridged” 
by non-metailic atoms or groups such as halogen or hydroxyl. The poly¬ 
nuclear cobaltammines provide many examples, e.g. 

r / CH 1 NH t \ /OH x /NH,CH t \ 1 

(iH,NH,) t C < ) H> 0O ( N H,iH,)J C,<> 

and many years ago the phosphite ester derivatives of palladous and 
platinous chlorides, (RO) 3 P.Pd(Pt)Cl„ were shown, to have moleoular 
weights twice those of the empirical formulae. This led to their formulation 
(Werner and Pfeiffer 1923 ) as bridged derivatives with possible isomerism: 


</80),P. 

<m,p 



(EO),p ,a .ci 

Cl/ Cl/ P(OR>. 


Such molecules have a definite existence in the dissolved state and undergo 
substitution in much the same way as mononuclear cobaltammines. There 
also exist salts of the type of caesium thallic enneachloride Cs,Tl,Cl, and the 
corresponding K a W s Cl e , and here it is found that a complex ion (T1,C1|~ 
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or WgClj!") exists in the crystal and there is also some evidence for its 
existence in solution (Collenberg and Sandved 1923). It is necessary, 
however, to distinguish two types of bridged compounds, the classification 
depending on the nature of the chemical bonding between the metal and 
the bridging atom. The first type is essentially a covalent molecule involving 
electron-pair bonds, and the second is essentially ionic. This is shown by 
the interatomic distances and by the general nature of the compounds in 
the crystalline state. The structure to be described below is typical of the 
first type. The X-ray examination of Cs 3 Tl 2 Cl 9 , however, shows it to consist 
(Hoard and Goldstein 1935; Powell and Wells 1935) of a simple hexagonal 
close-packing of the large caesium and chlorine ions with thallium ions 
occupying two-thirds of the interstices. Along the trigonal axis the arrange¬ 
ment is 


V /Cl Ok /Ok /Cl Ok /Ck /Cl 

Tk-Cl 01 ~)Tt~CI“Tl~Cl C1^T1(-C1-~TI^0I 

\C1 CV \CK Xci 01/ \C1 


ci/ \ci/ \ci 


Cl\ / 


etc. 


the complex ion consisting of a pair of octahedra of chlorine ions sharing 
one face. 

The development of the electronic theory of valency systematized the 
formulation of co-ordination compounds, and the dotted lines in the for¬ 
mulae given above become co-ordinate links. The formulation (Burawoy 
and Gibson 1935) of AuBr 8 as 

Br v /Br v ^Br 
Br/ \Br 


at the same time removes the anomaly of its double molecular weight and is 
consistent with the stereochemistry of 4 -covalent auric compounds. The 
analogous compound [(C 2 H B ) 2 AuBr] 2 has recently been shown (Burawoy 
and others 1937) to have the configuration 



The present paper describes the results of a crystallographio study of di- 
chlorobis (trimethylarsine)-/*-dichlorodipalladium and its bromine analogue, 
viz. [(CH 3 ) 3 As.PdCl 2 ] 2 and [(CH 3 ) 8 As.PdBr a ] 2 , hereafter referred to as the 
tetrachloride and tetrabromide respectively. These compounds show in all 
solvents molecular weights twice those of the simplest empirical formulae 
and are therefore similar in type to the phosphite esters already mentioned. 
Their crystal structure has been studied first, to establish the existence of 
the bridged molecule, and secondly, to determine the configuration of the 
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molecule. Assuming that the eight bonds from the palladium atoms all 
lie in one plane, then there are three isomeric forms of such a molecule: 


(CH,),Aik X1K X31 
I 



(CH.), 


(CH,)^K .Ok /Cl 




III 


Only one crystalline form of the tetrachloride and tetrabromide is obtain¬ 
able. From its chemical reactions* it is not possible to deduce its configura¬ 
tion, fora careful chemical study (Mann and Purdie 1936) of such compounds 
provides evidence in favour of both formula 1 and of formula II or III, 
The forms II and III cannot, of course, be distinguished chemically, since 
they are cis-lrans isomers. In order to account for these facts we may 
assume either that the various forms of the complex exist together in 
solution and that the most stable form crystallizes out, or that only the one 
form exists in the solution as in the solid but that change of configuration 
accompanies chemical reaction. It has long been known that inversion 
sometimes occurs during chemical reaction both of organic and inorganic 
compounds. Werner, for example, studied a large number of reactions of 
cobaltammines in which change of configuration occurred (Werner 1912), 
and the present author has shown by X-ray methods that the ion 
[Co(NH 3 ) 2 (N0 2 )4]“ has, in the silver salt, the trana configuration (Wells 
1936), whereas the cis configuration had been assigned to the ion on chemical 
grounds (Thomas 1922, 1923). It is not proposed to discuss this problem at 
length in the present paper, but it will be seen that although the crystallo- 
grapher is necessarily concerned with the configuration of a complex in 
the crystal only, the results he obtains may have considerable bearing on 
problems which are at first sight specifically chemical. 

* For the analogous tributylphoephino compound, e.g. 

(Bu # P.PdCl 2 ) 8 — 

2 C,H fi NH a 


The first reaction would suggest that both phosphine groups are attached to the 
same palladium atom (formula I above), whereas the second would indicated that 
one phosphine group is attached to each palladium atom in the original compound 
(formula II or III). 




172 


A. F. Wells 


The UNIT CELLS AND SPACE-GROUP OF [(CE^As. PdCl^ 

AND [(CH 3 ) 3 As . PdBrgJg 

The tetrachloride crystallines from organic solvents as tetragonal prisms 
{110}, usually in hair-like needles. Crystals from alcohol were first examined, 
but later it was found that larger crystals could be obtained by slow deposi¬ 
tion from dioxane. Comparison of X-ray photographs of crystals from the 
two solvents showed that the cell dimensions of the dioxane crystals were 
about 1 £ % larger than those of the alcohol crystals, and the two forms are 
isomorphous. Crystals of the tetrabromido from dioxane are strictly 
isomorphous with the tetrachloride, but those from alcohol show slight 
departures from tetragonal symmetry, though the general nature of the 
structure of these crystals must be very similar to that of the tetragonal 
crystals. This form of the tetrabromide will not be further discussed here. 
The cell dimensions of the tetragonal crystals are: 


a c 

Tetrachloride (alcohol) 16*00 A 7*22 A 

„ (dioxane) 10*25 7*31 

Tetrabromide (dioxano) 10*6 7*48 


These crystals show high negative birefringence and marked pleoohroism: 
pale yellow for vibrations along the needle axis and orange red at right 
angles to the axis. They exhibit no signs of pyroelectricity when tested in 
liquid air. Oscillation and Weissenberg photographs were taken about the 
[100J, [110J and [001] axes with Cu K a radiation. The cell dimensions and 
densities indicate that there are four molecules in the unit cell. The approxi¬ 
mate density of the crystals of the tetrabromide (from dioxane) was deter¬ 
mined by flotation, 2-5 g./c.c.—the density calculated for 4 molecules per 
unit cell is 2*48 g./c.c. The absences are those due to a body-centred lattice 
only, and this together with the fact that F hk0 ^ F kh0 limits the possible 
Hpace-groups to 14 , 14 or 14 /m. 

Since the crystals have a common structure, differing only in detail in 
the three compounds, the next section deals with the approximate structure 
of all three. 

The MOLECULAR SYMMETRY AND THE APPROXIMATE STRUCTURE 

In the space-groups 14 , 14 and 14 /m the twofold positions have point- 
symmetries 4 , 4 and 4 /m respectively, which are impossible for a molecule 
of this type. The point-symmetries of the various fourfold positions are:’* 1 
* Space-group nomenclature is that of the “International Tables**. 
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14 : ( 6 ) 2 , 

14 : (e)and(/) 2 , 

14 /m: (c) 2 /m, (d) 4 , (e) 4 . 

The positions ( d ) and (e) in 14 /m are excluded for the reason already given, 
so that the molecular symmetry is either 2 or 2/m. All the three structural 
formulae given above could possess a diad axis of symmetry, but in these 
space-groups the diad axes lie parallel to the c axis. Moreover, the optical 
properties and cell dimensions suggest flat molecules lying in planes parallel 
to (001). If, therefore, the plane of the molecule is (001), then the trans 
form III must be that found in the crystal, and an elegant structure 
immediately suggests itself. If the molecules are stacked along the 4 axes 
in 14 or along the 4 2 axes in 14 or 14 /m, then each molecule will be related 
to those above and below by a rotation through 90 ° and each palladium 
atom will be in six-co-ordination, considering the central portion of a 
molecule to be approximately a square. The spacing of the molecules along 
the c axis will be determined by the choice of space-group; in 14 the molecules 
would lie in planes 2 z apart, where z is a variable parameter, and in 14 or 
14 /m in planes c/2 apart. The points to be established are therefore: 

(1) the planar nature of the molecule and the separation of the molecules 
along the c axis, and 

(2) the orientation of the molecules with respect to the axes in the plane 

( 001 ). 

(1) The regular falling off in intensity of the orders 00Z and the fact that 
the variation in intensity of a series of hOl reflexions (h constant) is similar 
for different values of h suggest planar molecules in planes c/2 apart. This 
was confirmed by making an F * projection on the ac plane, using the values 
of F^ obtained from intensities estimated visually on a Weissenberg 
photograph about the [ 100] axis of a crystal of the tetrachloride from dioxane. 
If I is the estimated intensity on an arbitrary intensity scale, then 



/ sin 26 1* 
1 + cos 2 20 J 1 


the intensity scale being adjusted to make the values of F' obB comparable 
with F cnlCt for the low orders A00, since this facilitates comparison of the 
two sets of values. The data for the projection are given in Table I, the values 
of being calculated from the parameters on page 180 . # 

The resulting projection is shown in fig. 1. All the peaks lie at heights z * 0 
or l , indicating planar molecules lying in planes c/2 apart. Some or all of the 
carbon atoms will lie between these planes but produce very little effect on 
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Table I. Observed and calculated tetrachloride 

(DIOXANE)—IN ORDER OF INCREASING sin 0/A 


hkl 

P’obs 

Fcalc 

hkl 


F calc 

200 

14 

4*13 

802 

17 

+ 24 

101 

11 

-f 13 

901 

<7 

+ 3 

301 

20 

+ 22 

204 

15 

+ 11 

400 

< 4 

- 1 

703 

11 

+ 18 

002 

67 

4-73 

404 

<8 

0 

202 

19 

+ 16 

10 0 0 

56 

+ 52 

501 

5 

- 9 

604 

<8 

- 3 

402 

<5 

0 

10 0 2 

42 

+ 45 

000 

8 

- 7 

110 1 

9 

+ 16 

103 

6 

+ 8 

903 

<9 

0 

701 

15 

+ 19 

105 

<9 

+ 9 

303 

20 

+ 20 

305 

10 

+ 15 

602 

<6 

0 

804 

10 

+ 22 

800 

22 

+ 27 

505 

<9 

- 4 

503 

<7 

- 6 

006 

28 

+ 48 

004 

57 

+ 64 

10 0 4 

25 

+ 44 



such a projection. At this point the space-group 14 may be discarded since 
in this the heights of atoms in the eightfold positions are T z and \ T z, 
and there are 8 Pd, 8 As and 16 Cl (Br) in the cell.* We should therefore have 
to assign the special value \ to the z co-ordinates of all the atoms. Assuming 
the molecule to be strictly planar, the choice between 14 and 14 /m merely 
determines the positions of the carbon atoms and in so doing makes the 
point-symmetry of the whole molecule either 2 or 2/m. In 14 the heights 

* It should porhaps bo pointed out here that the rejootion of I 5 is justified only 
if the alternative space-group chosen accounts satisfactorily for all the observations. 
Even then there may be slight distortions of the molecule which, though too small 
to be detected in the present structure determination, would require the space-group 
to be I 4. This, however, is a matter of formal rather than practical importance. 
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of the atoms in the eightfold positions are z and £+2; in 14 /m, 0 and 
In 14 the 24 carbon atoms would occupy three eightfold positions, the point- 
symmetry of the molecule being 2. In 14 jm the carbon atoms must occupy 
one sixteenfold ( i ) and one eightfold position (A), since three eightfold 
positions would plaoe them all in the plane of the arsenic atom and the 
eightfold positions (/) and (<7) are impossible for reasons of interatomic 
distances. The triraethylarsine group then has a plane of symmetry and the 
whole molecule point-symmetry 2/m. 

(2) Having demonstrated that the molecules are planar, or very nearly so, 
and lie parallel to (001), it is justifiable to adopt a molecular model in order 
to determine the signs of F hk0 and to project the structure on that plane. 
The following interatomic distances were assumed: Pd-Cl, 2 * 30 ; Pd-As, 
2*50 A; and angles of 90 ° between the palladium bonds. The method adopted 
was to draw the molecule to scale on tracing-paper and to use the Bragg 
structure factor curves (Bragg and Lipson 1936) to find the contributions 
of the atoms to a given F hk0 for various orientations of the molecule with 
respect to the cell side (a axis). The molecule was first placed with the 
Pd-Pd axiB parallel to the cell side and rotated through a total of 90 °. 
Curves were drawn for the orders AGO showing the variation in F (with sign) 
with the orientation of the molecule, and comparison with the observed 
intensities of these reflexions showed that the axis of the molecule must lie 
approximately parallel to the cell side. The signs of the stronger hkO 
reflexions were now computed and an F-projection on (001) made, using 
estimated intensities as before (fig. 2 ). In this figure and fig. 5 the origin 
of co-ordinates is at x = y = 0. The positions of Pd, As and Cl 2 are shown* 
but Cl 1 is superimposed on Pd in this projection. 

The structure is shown diagrammatically in fig, 3 , where the molecules 
are represented by lines, full at z = 0 and dotted at z = \. It will be seen that 
if the layers can be separated, then we can obtain a picture of a single 
molecule. This can be done by making a section of the three-dimensional 
electron density distribution at the height z = 0 or Normally this involves 
the determination of the magnitude and sign of the structure-factors of all 
the general planes. In this particular structure, however, the problem may 
be greatly simplified. The summation of the series 

h k 

gives a projection of the contents of the unit cell on (001). If instead of 

* There ore two types of halogen atom in the molecule; one attached to two 
palladium atoms, the other to one palladium atom. These will be distinguished as 
Cl l (Br l ) and Cl a (Br*) respectively. 
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F hk0 we use as coefficients of the double Fourier series <j> hk * ]£ F hkl > then 

t 

we obtain a section at z = 0 of the three-dimensional distribution of electron 
density. Since all the heavy atoms lie in planes at z = 0 or the geometrical 



Fig. 2. Fourier projection on (001).tetrachloride from dioxane. 



I 

i 


—.—. Molecule at z = 0. 

- Molecule at z = 

Fig. 3. Diagrammatic representation of the structure. 

structure-factors of hkl orders are functions of h and k only, apart from the 
contributions from the carbon atoms. For a given series of hkl orders 
(keeping h and k constant) the sum £ F hkl would be proportional to the 
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first member F hk0 or FftkV neglecting the change in atomic scattering power 
(/), so that for £ F hkl we may write 

i 

FhkQ when h + k is even, 

Fhkl when h + k is odd* 

Actually the decrease in atomic scattering power with angle precludes 

a strict proportionality between £ F hkl and FhkX> or F hkv but it will be safe 

i 

to assume that the sums will be in the same relative order as their first terms. 
The required section is therefore obtained by proceeding as in the case of 
the two-dimensional projection except that we insert the values of Fhkl 
as well as those of F hkn in the above summation. This method is applied in 
the next section, which deals with the detailed structure of the tetra- 
bromide. This compound was chosen in preference to the tetrachloride on 
account of the greater scattering power of bromine compared with chlorine 
which should make possible a more precise location of the halogen atoms. 


The detailed structure of the tetrabromidk from dioxane 

The determination of the precise structure implies the evaluation of the 
x and y co-ordinates of Pd, As, Br 1 and Br 2 , i.e. of eight parameters neglecting 
the carbon atoms. The most satisfactory method was found to be as follows. 
If the exact configuration of the molecules were known, then the only 
variable would be the inclination of the molecule to the axes in the basal 
plane. Accordingly, various molecular models were tested and for each the 
variation in F of certain high-order reflexions with rotation of the molecule 
was plotted. The labour is reduced by working first with four reflexions, 
the relative intensities of which are 

8 10 0 > 9 11 0 1 9 0 > 10 8 0. 

Starting from a standard molecule (having Pd-Br, 2*43; Pd-As, 2*50 A; 
and Pd bond angles of 90°), various distortions were tested out. Pig. 4 
shows the variation in the structure factor of these reflexions as the molecule 
is rotated through a small angle, and such curves exclude a large number 
of possible molecular models, e.g. (a) and (b) in fig. 4. Finally a model was 
found which accounted for all the major intensity relationships between the 
high-order reflexions. The carbon atoms were then placed in the most 
probable positions and the structure factors of all the hkO and hk 1 reflexions 
calculated. The intensity data were obtained from equatorial and first 
layer line Weissenberg photographs, taken with Cu K a radiation using 
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his 

a very thin needle of approximately square cross-section. The observed 
values are denoted by F' since they are not absolute, and for the projection 
they were reduoed by an artificial temperature factor e“ 48,n * e . A section 



- 9 110 and 11 9 0 



• o o 

Pd Br As 


Fiu. 4. Curves showing the variation in the structure factors of the reflexions 8 10 0, 
10 8 0, 9 11 0 and 119 0 with rotation of the molecule for different molecular models. 
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at 2 = 0 of the three-dimensional electron-density distribution was made as 
described in the previous section and is shown in fig. 5. The molecular 
model arrived at by the “trial and error” method is shown in fig. 4(d), 
and this model was used to determine the Bigns of the structure factors, 
an inclination to the axis of +1|° giving the best agreement with the 



Fig. 5. Section at z = 0 of three-dimensional electron 
density distribution (totrabroinide from dioxane). 


high-order reflexions. The molecule shown by the Fourier projection is that 
of fig. 4(c) and the angle between the Pd-Br 2 and Pd-As bonds is within 1° 
of that found by the “trial and error ” determination, but the angle between 
the Pd-Br 1 bonds and also the distance apart of the palladium atoms 
have changed from 
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Both models give equally good agreement between calculated and observed 
values of F hk0 and the reason for this is apparent from the structure. The 
fact that alternate molecules along the c axis are rotated through 90° 
relative to one another causes the two changes—(1) reduction of the angle 
between the Pd~Br x bonds and (2) increase in the Pd~Pd separation—to 
neutralize one another. This illustrates a limitation of the “trial and error ” 
method of determining such a structure, for the curves in fig. 4(c) and ( d ) 
for the two different molecular models are almost identical. Since, however, 
the projection incorporated the observed structure factors of some 130 
planes, the general shape of the molecule as determined from that projection 
must be accepted. 

The interpretation of Fourier projections of complex metallic compounds 
is rather different from that of projections of purely organic compounds. 
The fact that high-order reflexions often have large structure factors owing 
to the presence of heavy atoms necessitates the introduction of an artificial 
temperature factor to avoid spurious diffraction effects which can alter 
both the volumes and positions of peaks. This leads to loss of detail in the 
projection, but the differences in the intensities of high-order reflexions may 
still be used to refine the parameters obtained from the projections. For 
this reason such projections are not necessarily final as in the case of purely 
organic compounds. The better definition of Br 2 than Br 1 in fig. 6 may be 
due to the greater rigidity of the central portion of the molecule as compared 
with the outer parts. 

The parameters finally adopted are: 



X 

y 

z 

8 Pff (h) 

0*608 

0*003 

0 

8 As (/< ) 

8 Br 1 (h) 

0*715 

0*109 

0 

0*497 

0*101 

0 

8 Br* (h) 

0*717 

— 0*094 

0 

16 C (/) 

0*783 

0*100 

0*212 

8 C (h) 

0*669 

0*219 

0 


These define a molecule inclined at an angle of 1 £° to the a axis. The carbon 
atoms in such a compound cannot be located by X-ray methods on account 
of their small scattering power compared with palladium, bromine and 
arsenic. The above parameters for carbon are based on considerations of 
packing, assuming tetrahedral disposition of the arsenic bonds and an 
As~C bond-length of 1 *95 A, and the horizontal plane of symmetry through 
the molecule has been retained. Tables II and III contain the observed 
structure factors and those calculated from the above parameters. 
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Table II. Observed and calculated values of F hW 

TETRABROMIDE (DIOXANE) 


hkl 

* v obs 

F calc 

hkl 

^ V obs 

F calc 

hkl 

T^obs 

F calc 

hkl 

^oba 

F calc 

200 

26 

+ 18 

150 

<5 

- 7 

2 10 0 

<7 

0 

13 1 0 

<8 

- 5 

400 

<4 

0 

510 

<5 

- 3 

10 2 0 

19 

+ 22 

7 11 0 

<8 

- 5 

000 

16 

-10 

350 

45 

+ 38 

590 

<7 

+ 7 

117 0 

<8 

+ 2 

800 

33 

4" 44 

530 

38 

+ 27 

950 

<7 

+ 3 

3 13 0 

16 

+ 24 

10 0 0 

59 

+ 07 

200 

<5 

- 3 

4 10 0 

<7 

+ 6 

13 3 0 

<8 

+ 9 

12 0 0 

<7 

+ 7 

020 

10 

+ 8 

10 4 0 

<7 

+ 2 

6 12 0 

<8 

+ 1 

14 0 0 

<8 

+ 5 

170 

5 

- 4 

1 11 0 

14 

- 11 

12 0 0 

<8 

- JO 

16 0 0 

<8 

-14 

710 

<4 

+ 1 

11 1 0 

25 

-28 

5 13 0 

17 

+ 29 

-- 

. . 

. . 

460 

53 

— 51 

790 

<7 

- 7 

13 5 0 

30 

+ 42 

no 

53 

-57 

040 

45 

— 34 

970 

< 7 

+ 2 

2 14 0 

<8 

0 

220 

<3 

+ 2 

370 

5 

+ 9 

3 110 

<7 

- 5 

14 2 0 

<8 

+ 5 

330 

17 

+ 10 

730 

<5 

- 4 

113 0 

<7 

+ 3 

9 11 0 

24 

-35 

440 

03 

-73 

280 

14 

+ 9 

! 6 lo o 

<7 

-12 

119 0 

17 

-18 

500 

73 

+ 80 

820 

14 

+ 14 

1 10 6 0 

<7 

0 

4 14 0 

42 

— 60 

600 

20 

-23 

570 

14 

+ 14 

5 110 

<7 

- 6 

14 4 0 

30 

-41 

770 

<0 

+ 2 

j 750 

12 

+ 12 

11 5 0 

<7 

-12 

1 15 0 

<8 

- 3 

880 

15 

+ 19 

480 

<6 

+ 2 

2 12 0 

< 7 

- 5 

15 1 0 

<8 

+ 8 

990 

41 

-50 

840 

<0 

- 4 

12 2 0 

<7 

- 4 

6 140 

12 

-21 

10 10 0 

38 

+ 46 

190 

47 

— 44 

4 12 0 

<8 

- 1 

14 0 0 

33 

-40 

.— -— 

—- 

.— . 

910 

51 

-61 

12 4 0 

<8 

- 3 i 

3 15 0 

17 

+ 20 

130 

12 

+ 4 

390 

<7 

+ 2 

8 10 0 

29 

+ 41 1 

15 3 0 

<8 

+ 4 

310 

<3 

- 1 

930 

<7 

+ 2 i 

10 8 0 

11 

+ 13 : 

5 15 0 

30 

+ 37 

240 

1] 

+ 11 

080 

<7 

0 

1 13 0 

<8 

- 5 : 

15 5 0 

30 

+ 39 

420 

4 

- 5 1 

860 

<7 

- 2 j 








Table III. Observed and calculated values of F hkx — 

TETRABROMIDE (DIOXANE) 


hkl 

^obs 

& calc 

hkl 

^obs 

F calc 

101 

11 

+ 16 

271 

10 

+ 7 

301 

15 

+ 15 

721 

22 

+ 8 

501 

33 

-33 

561 

12 

+ 14 

701 

18 

+ 12 

651 

27 

+ 28 

901 

<7 

- 2 

181 

<7 

+ 1 

110 1 

19 

+ 25 

811 

10 

- 4 


..— 


471 

26 

-26 

121 

25 

- 19 

741 

23 

-26 

211 

30 

-26 

381 

15 

+ 13 

231 

13 

+ 15 

831 

10 

+ 13 

321 

14 

+ 10 

671 

10 

-16 

141 

<5 

+ 3 

761 

21 

- 17 

411 

14 

+ 14 

291 

17 

-22 

341 

10 

-12 

921 

19 

-21 

431 

23 

-21 

1 10 1 

10 

- 5 

261 

21 

+ 19 

10 1 1 

<8 

- 3 

621 

20 

+ 16 

3 10 1 

8 

+ 4 

161 

<6 

- 7 

10 3 1 

12 

+ 17 

611 

<6 

- 2 

2 11 1 

14 

- 9 

451 

<6 

- 3 

11 2 1 

<9 

+ 1 

541 

<6 

+ 2 

1 12 1 

<9 

-16 

361 

10 

- 4 

12 1 1 

20 

-21 

631 

14 

- 8 
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The tetrachloride—from alcohol and from pioxank 

The e-axis Weissenberg photographs of the crystals of the tetrachloride 
obtained from alcohol and from dioxane are very similar in general 
appearance but there are differences in the intensities of a number of 
reflexions, chiefly of high order. Now alterations in the intensities of high- 
order reflexions indicate a shift of heavy atoms, and since there is no 
reason to assume any change in the molecule itself, these alterations must 
be accounted for by a change in the orientation of the molecules. Low-order 
reflexions, on the other hand, are very insensitive to a small change of this 
sort, but may be appreciably affected by the presence of dioxane. For these 
reasons the high and low order reflexions must be treated separately and 
in that order. 

As in the case of the tetrabromide, the relative intensities of the reflexions 
10 8 0 , 8 10 0 , 1 1 9 0 and 9 11 0 may be used first to determine approximately 
the orientation of the molecule, and for this purpose the molecule will be 
assumed to have a configuration analogous to that of the tetrabromide, 
allowing for the difference in size of chlorine and bromine. The observed 
intensities of these reflexions are: 

Tetrachloride from dioxane: 9 11 0 > 11 9 0 ^ 10 80^8100 
Tetrachloride from alcohol: 911 0 8 10 0 > 11 9 0 & 10 8 0 

and curves were drawn similar to those in fig. 4 showing the variation in the 
structure factors of these reflexions with rotation of the molecule in the 
basal plane. The most satisfactory agreement with high-order reflexions 
was obtained with the molecule inclined at 2 ° to the a axis in the crystals 
from alcohol and parallel to the axis in the crystals from dioxane, giving 
the parameters: 



From 

alcohol 

From 

dioxane 


X 

V 

X 

y 

Pd 

0-600 

0*004 

0*604 

0*000 

As 

0*716 

0*114 

0*716 

0*106 

CP 

0*496 

0*098 

0*500 

0*097 

Cl* 

0*716 

— 0*091 

0*708 

- 0*096 


The c-axis Weissenberg photographs show two isolated groups of four 
high-order reflexions, viz. 1550, 1440,1460,1350and 5150, 4140,6140, 
5 13 0, and their intensities form a convenient check on the structures, as 
seen from the following comparison of the observed intensities and cal¬ 
culated structure factors: 
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From alcohol 

F ca)c 

From dioxane 

F calc 

4 14 0 >14 4 0 

41 >28 

4 14 0% 14 4 0 ’ 

35% 35 

5 15 0% 15 5 0 

26%26 

5 15 0%15 5 0 

35%34 

6 140<1460 

15 <33 

6 14 0 <14 6 0 

24 <26 

5 13 0< 13 5 0 

22 <34 

5 13 0%13 5 0 

25% 25 


It is seen that the slight change in the orientation of the molecules gives 
quite a satisfactory explanation of the alterations in the intensities of these 
high-order reflexions. 

The small changes in intensity of low-order reflexions are not amenable 
to such treatment, since they are presumably due either to the scattering 
by the dioxane itself or to rearrangements of the methyl groups caused by 
the introduction of the solvent molecules. The dioxane of crystallization 
is further discussed below. The following parameters for carbon were used 
in calculating the values given in Table I of F m for the tetrachloride from 
dioxane: 

x y z 

Sixteenfold (i) 0*785 0 100 0-217 

Eightfold (h) 0-069 0-218 0*000 

Description of the structure 

The structure of the tetrabromide is illustrated in fig. 0. It consists of 
two interpenetrating body-centred lattices related to one another by 
the operation of 4 2 axes. The units in the structure are molecules of 
[(CH 3 ) 3 As] 2 Pd 2 Br 4 having the trans configuration. Within the limits of 
experimental error the molecule is planar apart from four methyl groups and 
has the structure 



The probable error in the lengths of the bonds is not greater than 0*05 A, 
though from the nature of the structure this is difficult to estimate. The 
bond lengths are normal: Pd-As, 2-50 and Pd-Br, 2*45 A, ±0*05 A, and 
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there is no appreciable difference* between the lengths of the bonds Pd-Br 1 
and Pd-Br 2 . The general distortion of the molecule from the “ideal” (i.e. 
with the interbond angles of 90°) results from the repulsion of the palladium 
atoms to a distance of 3*58 A compared with 3*44 A for the “ideal” molecule, 
leading to a contraction of the angle between the Pd—Br 1 bonds to 80°, 



® # o Q 

Pd Br As CH, 

Fie. 6 . The crystal structure of [(CH a ) 5 As] 4 Pd a Br 4 . (For the sake of clarity two 
molecules at the back of the coll are omitted.) 


* Mention must be made here of the structure of diethylmonobromogold recently 
published. The structure is admittedly only approximate and gives the dimensions 
shown for the molecule 



(CjH 5 )*Au< 100°(S Au(CjHs)j 


According to Pauling (Pauling and Huggins 1934 ) the covalent radii for Pd 11 and 
Au 111 in square co-ordination are 1*32 and 1*31 A, respectively , so that the distances 
Pd-Br* and Au-Br should be very nearly the same. The value 2*65 ± 0*1 A for Au-Br 
therefore appears rather too large, and the distortion of the interbond angles is 
in the opposite sense to that found here. 
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This may be compared with the reduction in length of shared edges of 
co-ordination polyhedra which occurs in ionic compounds if we regard the 
bridged molecule as two (CH 3 ) 3 AsPdBr 3 groups having one edge (Br^Br 1 ) 
in common. Here, however, the bonds are all covalent and such distortion 
is very much less than in the case of ionic compounds. It is interesting to 
compare with this the very much greater repulsion of thallie ions in the 
complex ion T1 2 C1q~, formed by two T1C1 6 octahedra having one face in 
common. The observed distance Tl-Tl within the complex ion is 3*65 A 
compared with only 3*04 A for the “ideal” (i.e. Tl 3 + ions at the centres of 
the octahedra). 

The molecules are stacked with their planes parallel to one another along 
the 4 2 axes at intervals of 3*74 A, so that in this direction neighbouring 
molecules are related by a rotation through 90°. Consequently each 
palladium atom is surrounded by 1 As and 5 Br atoms at the apices of an 
elongated octahedron, neglecting the CH 3 groups of its own molecule, at 
distances 

12 Br 1 , 2*45 A, 

| intramolecular 1 As, 2*50 
Pd] [ 1 Br 2 , 2*45 

Ijntermolecular 2 Br 1 , 3*74 

All other intermolecular contacts are between bromine atoms and methyl 
groups and range from 3*94 to 4*07 A. 

A projection of the structure on ( 001 ) shows two interesting features. 
First the molecules are arranged in columns along the 4 2 axes (perpendicular 
to the plane of the paper), and it will be seen that the separate columns of 
molecules are held together only by van der Waals forces between bromine 
atoms and methyl groups of different molecules. These cohesive forces 
must be very weak since the distances between bromine and carbon atoms 
are almost exactly 4 A. This feeble cohesion is shown by the easy ( 110 ) 
cleavage of the tetrachloride and tetrabromide, but crystals of the inter¬ 
mediate dichloro-dibromide illustrate this point in a very striking way. 
One form of this compound is monoclinic (pseudo-tetragonal), being a 
slightly distorted form of the tetragonal structure of the tetrabromide, and 
forms long flattened needles. When one of these needles is touched with the 
point of a pin it disintegrates along the needle axis into a number of fine 
fibres. In fig. 7 (a) the centres of the carbon and Br 2 atoms are accentuated 
in order to illustrate this. Secondly the packing of the molecules in this 
way leaves tunnels through the structure, and the axes of these tunnels 
are [ 00 a:] and [^*] which are fourfold axes. Crystals of the tetrachloride 
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9 



O Hr* at $. 
Q Br 2 at 0. 


(a) 

Fig. 7. (a) Projection of the structure of [(CHj^AsjjFdjBr* on (001) to illustrate the 
arrangement of the molecules in columns in the direction of the c axis. The diagonal 
dotted lines indicate the (110) cleavages. Molecules at z = 0 and £ are drawn with 
full and dotted lines (compare fig. 3). 

(6) Projection of the structure of [(CH 8 ) 3 As],Pd s Br 4 on (001). The small circles 
represent methyl groups at the heights indicated. Molecules at z = 0 and £ are drawn 
with full and dotted lines. The dioxane is represented in this projection as a circle of 
radius 3*46 A, 
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are similar in this respect. Now when one of these oompounds crystallizes 
from alcohol these cylindrical holes remain empty, presumably because 
the molecules of ethyl alcohol do not fit snugly into them. The diameter 
of a molecule of dioxane however, is almost exactly that of the holes 
(fig. 7(b)), and the introduction of the solvent takes place with only a slight 



increase in cell size (l£ %) and a slight change in orientation of the molecules 
of the palladium compound. From the fact that the dioxane molecules are 
situated along fourfold axes of symmetry it must be concluded that they are 
rotating in the crystal. There is room for four molecules of dioxane in the 
unit cell, considering them to be oblate spheroids of effective thickness 
A. It is not certain, however, that the full complement of dioxane 
is ever taken up, and it is possible that a smaller proportion of solvent 
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of crystallization is statistically distributed throughout the crystals. For 
these reasons no account has been taken of the dioxane in calculating the 
structure factors given in the tables above. 
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Summaky 


The crystal structures of the bridged compounds [(CH 8 ) 8 A8] 2 Pd 2 Cl 4 and 
its bromine analogue have been determined. The crystals of the tetra¬ 
chloride from alcohol and from dioxane and those of the tetrabromide from 
dioxane are all isomorphoue. A probable structure deduced from the 
optical properties, cell dimensions and symmetry was confirmed by Fourier 
projections using visually estimated intensities. The structure of the 
tetrabromide was investigated in detail, the configuration of the molecule 
being finally obtained from a section of the three-dimensional electron 
density distribution. The bridged molecule is found to be planar with the 
configuration: 


(CH a ) 8 As 


XT' 


yBr 
>PdA 8fl r 


A«(CH 8 ), 


The interatomic distances are: Pd-Br, 2*45 and Pd~As, 2*50 T 0*05 A. The 
molecules are stacked in columns along 4 2 axes in the space group 14/m, 
and the columns of molecules are held together by very weak van der W&als 
forces. The packing of the molecules in this way leaves tunnels through the 
structure. These remain empty in certain circumstances, as for example 
when the tetrachloride crystallizes from alcohol. On crystallizing from 
dioxane, however, this compound takes up dioxane of crystallization 
presumably owing to the fact that the diameter of the dioxane molecules 
is approximately the same as that of the holes in the structure. The intro¬ 
duction of the solvent is accompanied by a small increase in the cell size 
and a slight reorientation of the molecules of the palladium compound. 
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The paramagnetism of the ferromagnetic elements 

By W. Sucksmith and R. R. Pbarce 
H. II. Wills Physical Laboratory , University of Bristol 

(Communicated by A. M. Tyndall , F.R.S.—Received 28 March 1938) 

Introduction 

The theory of paramagnetism, originally developed by Langevin ( 1905 ) 
and extended by Weiss ( 1907 ) to include ferromagnetics, led to expressions 
giving the variation of magnetization with temperature above and below 
the Curie point. These proved of great value in correlating experimental 
results, and the general agreement between theory and experiment leaves 
no doubt of the essential correctness of the ideas involved. However, with 
the introduction of the quantum theory, the nature of the elementary 
carriers of magnetic moment became apparent, and new values of atomic 
moments were calculated from the variation of susceptibility with tem¬ 
perature above the Curie point. The chief problem has been to reconcile 
these with the values more directly measured at low temperatures. Whilst the 
saturation intensities of the three ferromagnetics—iron, cobalt and nickel— 
are known with reasonable certainty, the susceptibility measurements of 
several workers on iron and cobalt show such large discrepancies that, except 
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for nickel, the theoretical development has been considerably hampered 
by lack of sufficiently accurate data. 

The present work was undertaken to measure accurately the variation 
of susceptibility with temperature above the Curie point, for iron and 
cobalt, and to extend the range of the measurement on nickel. 

Earlier results 

The variation of susceptibility with temperature for many paramagnetics 
and for the ferromagnetics above the Curie temperature is found to conform 
to the law 

C 

X ~ T-0’ 

in which C is the Curie constant and 0 the paramagnetic Curie point, 
being the intercept of the extrapolated 1 / x> T curve on the temperature axis. 
The significance of the quantity 0 will be discussed later in the light of 
recent theoretical developments. From it the atomic moment is calculable, 
but for the present, values of C and 0 only will be given. 

The earliest systematic investigation of the variation of susceptibility 
with temperature above the Curie point for all three ferromagnetics 
was by Weiss and Foex ( 1911 ). Their measurements, however, only ex¬ 
tended to 1050° C. for nickel and 1300°C. for cobalt. Honda and Takagi 
( 1913 ) repeated this work with a slightly larger temperature range, but 
Terry ( 1917 ) traced the 1 /#, T curves of the three metals up to their respec¬ 
tive melting points. Nickel especially has been extensively investigated 
up to about 950° C., and many results agree in giving C « 0*323 per g. atom. 
Honda and Takagi, however, found (7 = 0*412 per g. atom up to 1060° C., 
whilst Terry’s results give (7 = 0*293 for the Curie constant below about 
950° C., the curve being concave to the temperature axis from this tem¬ 
perature up to the melting point (1450° C.). Bloch ( 1912 ), on the other 
hand, reports two straight lines on the 1 /#, T graph sharply intersecting at 
927° C., and for two different samples of nickel the slopes above this 
temperature differ by some 10 %. 

For iron the sudden decrease in x 920° C. corresponding to the fi-y 
transition considerably limits experiments. Below this temjjerature and 
above 1390° C. (the y-8 transition), iron is body-centred cubic, the inter¬ 
vening y phase being face-centred cubic. Weiss and Foex found the linear 
law to hold in all phases, and further split the /? phase into two linear seg¬ 
ments and sharply intersecting at 828° C. Their (7 values were 2*24, 
1*52, 4*0, 0*25 per g. atom for fi v /? 2 , y, and 8 respectively, but the 8 value 
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is very uncertain. No values could be deduced from Terry’s curve, as all 
phases showed curvature convex to the temperature axis. In the fi region 
Honda and Takagi obtained similar curvature, but in the y phase the 
susceptibility appeared independent of temperature. Other results over 
special regions show similar inconsistencies. 

Work on cobalt is difficult on account of the high Curie point (- 1100 ° C.), 
The results of Weiss and Foex showing two linear portions on the 1 /y, T 
graph sharply intersecting at 1241°C. were not confirmed by Honda and 
Takagi nor by Terry, both of these researches showing smooth curves even 
up to the melting point (1485° 0.). The C values given by Weiss were 1*28 
and 107 per g. atom below and above 1241° C., but the temperature was 
limited to 1300° C. 

Surveying these results we see considerable discrepancies between workers 
except on nickel below about 050° C. The only available values for the 
Curie constant for nickel above 950° C. are those of Bloch, and for cobalt 
that of Wiess and Foex up to 1300° C., neither of which were confirmed 
by Terry. 

No special precautions appear to have been taken by Weiss and Foex 
to prevent oxidation of their specimens, while Terry worked in a vacuum 
of 0*001 mm. of mercury. Now it is known that the vapour pressures of 
iron, cobalt and nickel at 1250° C. are about 0*001 mm. of mercury, so that 
at these temperatures appreciable evaporation must occur. Also experiment 
showed that mutual contamination of the specimen and carrier takes place 
by solid diffusion, both of these phenomena being considerably accelerated 
at higher temperatures. Preliminary experiments showed the importance 
of these factors and that consistent results would only be obtained if 
precautions to minimize these effects were adopted. 

Accordingly, the final apparatus was designed so as to reduce these sources 
of error to a minimum, it being considered extremely difficult, if at all 
possible, to eliminate them entirely. By working in an atmosphere of argon 
at a low pressure and adopting a specially designed specimen carrier, it 
was found possible to prevent a great deal of the evaporation and at the 
same time eliminate the effects of solid diffusion of the specimen and carrier. 
Repeatable measurements of susceptibility could be made in some cases 
up to 1500° C., this being the highest temperature used during the work. 


The apparatus 

The magnetic balance employed was based on a previous apparatus 
designed by one of us (Suoksmith 1929 ) but adapted for high temperature 
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measurements. The force on a specimen of mass in and susceptibility x 
placed in an inhomogeneous magnetic field is 


F 


„ dH 


where dlljdx is the field gradient in the direction of the foroe. As HdHjdx 
varies fairly rapidly, F x is usually measured by applying a compensating 
force of known magnitude to rest ore the system to its original position in the 
field. In this method, however, the deflexions are kept extremely small, one 
scale division representing a displacement of the specimen of 7 x 10 -6 cm,; 
as the largest deflexion used was about 10 2 cm., HdHjdx can be assumed 
to remain constant and equal to that at the undeflected position, which was 
the maximum value at which the gradient of HdH jdx is zero. The force is 
measured by the deformation of a ring of strip phosphor bronze fixed at the 
top in a vertical plane, and subjected to the downward magnetic force at 
the lowest point. Fig. 1 shows the essential parts of the arrangement 
approximately to scale. 

The ring R was attached at the top to a three-dimensional screw adjust¬ 
ment. To the low est point of the ring, a thin quartz rod was fixed. Two flat 
spiral springs of thin phosphor bronze S x and fixed to this rod with 
shellac and clamped on their outer edges to the case prevent lateral motion 
of the suspended system while causing only a small reduction of vertical 
sensitivity. A second quartz rod was joined on at B by means of a brass 
sleeve attached with de Khotinsky cement. This rod was sealed on to a 
tungsten wire which carries the specimen. To prevent softening of the 
cement joint due to radiation from the furnace, a quartz shield Q was fitted 
and the sleeve itself adjusted so that the greater part of its length was inside 
the water jacket W. The small hole in W at B also served to prevent radiation 
from reaching the lower flat spiral. 

The ring carried two small plane minors M x and M 2 which were sputtered 
on the front surface with aluminium. Light from a straight filament lamp 
about one metre distant passed through the lens L , was reflected by the 
mirrors in turn and passed out through the plane glass window JP, converg¬ 
ing to a point, about one metre away from the mirrors, on which was focused 
a microscope with vertical screw motion. The linear magnification of the 
system was then about 150 times, and with a little practice the position 
of the image? could be read to 0*01 mm., which corresponds to a displacement 
of the specimen of 7 x 10 # cm. 

The small electromagnet E operated from the observer's table was used 
to add or remove a steel ball of known weight, so the mechanical sensitivity 
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of the system by means of a weight calibration could be followed throughout 
a temperature run. Deflexions were always read with the ball clear of the 
system. The increase of the sensitivity of the system between room tem¬ 
perature and 1500° C. was about 1%. 



Fta. 1 


The inhomogeneous field was provided by an electromagnet with hori¬ 
zontal traverse and provided with adjustment in three directions at right 
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angles. Using plane pole pieces 10 cm. diameter and 3*2 cm. apart, the 
value of HdH/dx was about 6*5 x 10 7 , and to avoid inconveniently large 
deflexions with iron a 3*9 cm. gap was used giving HdH/dx = 4*5 x 10 7 . 
Tests showed that HdH/dx was uniform over the volume occupied by the 
specimen, within the limits of experimental error. 


The furnace 

The furnace unit, F, was attached to the apparatus through a disk of 
bakelite, i. The ends of the furnace w inding were brought to the case above 
and below r this disk so obviating loads through the vacuum jacket. After 
considerable investigation the furnace finally adopted was uniformly wound 
with 0*6 mm. diameter molybdenum wire on an “alundum” tube (9 x £ 
x 1 in. bore). This was cemented inside a larger “alundum” tube and the 
unit centrally fixed in a double walled cylindrical brass water jacket with 
a^in. annular space. The jacket was baffled spirally to ensure adequate 
circulation of the water. 1450° C. was maintained in this furnace for long 
periods using only 800 W. In the early stages of the work non-inductively 
wound furnaces were used but, besides shortening the life of the furnace, 
this fprecaution was proved unnecessary* The furnace was always centred 
over the specimen with the help of a mirror suitably placed to reflect the 
inside, the necessary adjustments being made on the picein joint at L 


Measurement of temperature 

Temperatures were measured with a platinum-platinum rhodium thermo¬ 
couple (30 s.w.g.) placed as closely as possible below the specimen; the 
e.m.f. developed being measured on a potentiometer. Considerable difficulty 
w r as experienced with this couple in the presence of metallic vapours. It was 
found necessary to sheath the wires completely, the most suitable covering 
being alundum tubing sealed at one end. The constancy of the calibration 
was further improved by annealing the wires at red heat in air for a long 
period before use. Even so it was found necessary to calibrate each couple 
used before and after a run. 

The following in situ method of calibration of the thermocouple was 
therefore adopted. Short lengths of nickel, copper, silver and lead wires 
were in turn used as fuses in a low current circuit. The fuses were placed in 
the position normally occupied by the specimen. On increasing the furnace 
temperature slowly in the neighbourhood of the melting point, the fuse wire 
was eventually melted and the temperature at which the circuit broke was 
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assumed to represent the melting point. Calibrations in this manner agreed 
amongst themselves and with that of the manufacturer to a few degrees 
even at the nickel point. Outside the furnace, the thermocouple wires were 
soldered to a long piece of flex leading to the potentiometer, and the joints 
surrounded with melting ice in a vacuum flask. 


Technique 

The specimens were right circular cylinders with a central hole and in 
the case of iron were 2x2 mm. Larger specimens of nickel were used to 
obtain the same order of deflexions, but in all cases the proportionality 
between force and weight for a given value of x was maintained. The 
electromagnet was adjusted so that the specimen was symmetrical between 
the poles in the y and z axes, but at the position of maximum inhomogeneity 
(i.e. HdHjdx maximum) along the vertical x axis. 

Final adjustment to this position was made magnetically by raising or 
lowering the magnet on its adjustable screw feet until the deflexion for 
a fixed temperature was a maximum. This condition ensured that all 
specimens including the calibrating phial were in exactly the same position 
for which HdHjdx was constant and maximum. This quantity was not 
directly measured, but absolute results were obtained from a small pyrex 
calibrating phial containing recrystallized MnS0 4 .4H a 0, of which the 
susceptibility is known, suspended on a pyrex rod in the position occupied 
by the specimens. The small deflexion ( - 1 division) due to the empty phial 
was measured and allowed for. The susceptibility of the manganous sulphate 
was taken as 66*1 x 10~ 6 per unit mass at 16*2° C. 

The specimen carrier was the subject of considerable investigation. 
Several refractories, tungsten and molybdenum, were used, but always 
a certain amount of ferromagnetic contamination was detected after a high 
temperature run. Whilst this is partly due to solid diffusion between the 
specimen and the immediate parts of the carrier in contact, evaporation of 
the ferromagnetic is continually occurring. It seems impossible to eliminate 
this source of error entirely at high temperatures, but it was considerably 
reduced by designing the specimen and carrier so that the area of contact 
was as small as possible. However, a temperature run was always performed 
on the carrier only after a run and suitable correction (- 2 divisions) made 
for its deflexion. The same carrier was never used more than once and they 
were always cleaned before use, and magnetically tested. 

As was mentioned earlier, on account of the relatively high vapour 
pressures of iron, cobalt and nickel, considerable evaporation would be 
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experienced at high temperatures. For testing purposes hydrogen at various 
small pressures was used, but whilst the rate of evaporation was reduced, 
the thermal conductivity is so great that the efficiency of the furnace was 
considerably reduced. Accordingly argon, the thermal conductivity of 
which is one-tenth that of hydrogen, was employed. The optimum pressure 
was found to be at about 5 mm. of mercury and this was kept constant by 
pumping off and refilling when it increased due to degassing of the hot parts 
after exposure to prolonged high temperatures. 

Results 

The results of these measurements are best expressed by means of the 
l/X> T curves. In general the Curie-Weiss law is followed, but iron and 
nickel exhibit more than one magnetic state for which different values of 
G and 0 are obtained. For some 50° immediately above the Curie point, 
all three ferromagnetics show curvature convex to the axis of temperature. 
The deduction of atomic moments is deferred until the theory is considered, 
so only the directly measured quantities C and 0 will be given here. 

(a) Nickel 

The results for this metal are given in Table I and plotted in fig. 2. 
The paramagnetic Curie point obtained by extrapolation of the linear 
portion below 950° C. is 377° C. and the value of C is 0*322 per g. atom, in 



Temperature °C. 
Fio, 2 
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agreement with the generally accepted value. Above 950° C* the slope 
decreases, giving C ® 0*402 per g. atom. Although close observation at small 
temperature intervals was kept, the change of slope was not sudden as was 
observed by Bloch, although our value of C coincides with that for one of 
his samples. The nickel used was 99*98 % pure, obtained from the Inter¬ 
national Nickel Co.* 


Table I. Nickel 


'onip. ° C, 

1 lx x 10~* 

! Temp. u C. 

i/x* io~* 

| Temp. ° O. 

\/X* 10" 4 

433 

1*115 

| 651 

4*94 

! 887 

9*34 

457 

1*550 

688 

5*69 

906 

9*54 

465 

1-683 

716 

6*21 

927 

9*94 

490 

2-040 

; 740 

6-63 

993 

10*94 

501 

2*280 

781 

7-34 i 

1066 

11*83 

537 

2-980 

! 815 

7*97 i 

1130 

12*90 

580 

3-680 

i 851 

8*67 1 

1201 

14*10 

616 

4-860 

865 

8-95 ! 

— 



(6) Iron 

Table II and fig. 3D show the results on Hilger H.S. iron of 99*96 % 
purity. The curve consists of three linear portions separated discontinuously. 
Below 920° (the /?-phase) and above 1390° C. (the <J-phttse), iron is body- 
centred cubic as it is at ordinary temperatures and the intervening y-phase 
is face-centred. The transformations are of the ordinary type, taking some 
hours for completion, and no close study of the magnetic changes accom¬ 
panying them was attempted, especially the y-8 change, as the prolonged 
heating neoessary would have impaired the accuracy so as to make the curve 


Temp. ° C. 

i/yxio 

824 

1*125 

838 

1*660 

846 

1*910 

860 

2*430 

872 

2*860 

875 

3*030 

884 

3*390 

894 

3*680 

904 

3*970 

909 

4*260 


Table II. 

Iron 

Temp. 0 C. 

1/yxlO 

915 

26-50 

936 

33*35 

959 

35*30 

962 

33*55 

940 

28*80 

928 

24*44 

918 

4*61 

1012 

35*60 

1049 

30-12 

1094 

36*55 


Temp. 0 C. 

\ lX x 10' 3 

1164 

36*73 

1200 

37*40 

1238 

37*78 

1253 

37*80 

1315 

38-30 

1362 

38-75 

1385 

37*20 

1395 

26*10 

1415 

27-30 

1480 

29*70 

1507 

30*96 


* Our thanks are due to the Metropolitan-Vickers Electrical Co,, through the 
agency of Dr C. Sykes, for the gift of the nickel. 
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almost valueless. However, a large irreversibility is seen at the /?-y change 
extending over some 50°, the lower limit corresponding to increasing 
temperatures. This phenomenon had previously been studied by Terry. 
The C values obtained are 6-45 and 1-23 per g. atom for the y- and 
(J-phases respectively. 



Fig. 3. A, 5 % vanadium-iron. B , 4d % vanadium-iron. 

C\ 2*3 % vanadium-iron. 1), pure iron. 

(c) Irm-mnadium alloys 

The existence of the y-phase in iron extending over some 470° limits the 
practical range for investigation to the short /?-region. Obviously for 
accurate results a much longer linear range is required, so that elimination 
of the y-phase becomes necessary. As is well known, this can be achieved 
by alloying iron with certain soluble non-magnetic metals. It is desirable 
to use as small percentages of the foreign metal as possible, and for this 
reason the iron-vanadium system was chosen, Three alloys with a maximum 
of 5 atomic % vanadium were made by diluting commercial ferro-vanadium 
(50 %) with Armco iron in a vacuum induction furnace. Chemical tests 
showed these to be free from cobalt and nickel. In fig. 3the curves A, Band 0, 
representing 5*0,4*1 and 2*3 atomic % vanadium respectively, are staggered 
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on the temperature scale for clarity. It will be seen that 5 atomic % is 
sufficient to remove completely the y-phase, leaving a linear graph from 
about 900° C. to the highest temperature. Alloys B and C both show the 
y-phase but it extends over a smaller range, leaving longer linear portions 
than in iron from which more accurate slopes can be obtained. Table V 
below gives the values of C per gram so derived, and the extrapolated value 
for iron (i.e. zero % vanadium) is 1-27 per g. atom. The uncertainties of 
extrapolation were minimized, as fig. 3 (inset) shows, by using these very 
small quantities of foreign metal. 


Table III. 


A 


mp. 0 0. 

l/X x 10~ 3 

Temp. 0 

834 

0*020 

863 

848 

1-482 

897 

868 

2*130 

900 

893 

3 020 

923 

906 

3*545 

937 

930 

4*690 

961 

960 

6*000 

1000 

980 

6*950 

1004 

997 

7*720 

1030 

1028 

9*080 

1057 

1065 

10*320 

1062 

1088 

11*750 

1095 

1107 

12*700 

1131 

1169 

15*650 


1290 

20*800 


1398 

25*720 



The alloys 


B C 


l/ X'x 10 3 

Temp. 0 C. 

i/a: x 10 

1*89 

875 

2-44 

3*12 

904 

3-49 

3-28 

825 

4*36 

4*32, 

945 

5*29 

4*93 

972 

6*53 

6*01 

978 

6*71 

7*75 

995 

7-49 

8*18 

1000 

8-29 

9*63 

1035 

10-85 

10*85 

1095 

14-17 

11*05 

1150 

17-17 

12*81 

1260 

22-60 

14*25 

1304 

22-60 


1383 

24-70 


N 6 el ( 1932 ) has performed similar experiments on the iron-tin and iron- 
silicon systems. The temperature range he employed was, however, smaller 
than ours, i.e. 80-160° C., but the extrapolated value of C (1*26) agrees. 
It is to be noted that the paramagnetic Curie points from curves A, B and C 
are identical at 828° C. Reverting to fig. 3D, it will be seen that the extra¬ 
polated 1 lx, T line for S iron joins on to ft iron at the discontinuity (contrary 
to the result of Weiss and Fo§x), and as might be expected the value of the 
Curie constant so deduced is in good accord with that obtained from the 
alloys. 

(d) Cobalt . 

This metal is unique amongst the ferromagnetics in showing a marked 
dependence of susceptibility on previous heat treatment. 
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Fig. 4 shows a selection of the 1 /#, T curves obtained for 99-8 % pure 
electrolytic cobalt* subjected to different heat treatment, whilst Table IV 
gives an average set of results obtained after considerable annealing at 
temperatures up to 1440° C. Being parallel on their linear portions, the 



Fm. 4 


Temp. ° C. 

1166 

1168 

1191 

1204 

1218 


Table IV. Cobalt 


l/X x 10" 8 


Torap. ° C. 


1*74 
2-18 
3-02 
3-51 
4*18 


1247 

1288 

1370 

1397 

1440 


\/X x 10~ 3 
5*49 
7*40 
11*50 
12*76 
14*75 


curves all give the same value of the Curie constant, namely, 2*23 per g. 
atom, although the Curie point extends from about 1130 to about 1156° C. 
Near 400° C. cobalt suffers a transformation from a close-packed hexagonal 
lattice below to a face-centred lattice above this temperature. At ordinary 
temperatures the a cobalt is stable, but it appears that both forms may 
exist together in the metal (Mellor 1935 ). At higher temperatures, trans- 

* We are indebted to L'TJnion Miniero du Haut-Katanga for a gift of the electro¬ 
lytic cobalt. 
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formations have been reported, but there appears to be considerable 
divergence of opinion on the existence of any further phase change. 

Density measurements of the various specimens showed the pronounced 
effect of heat treatment. On quenching from about 1200 ° C. the density de¬ 
creased some 7 % whilst high temperature annealing caused a 3% change, but 
it appeared that continued annealing tended to stabilize the susceptibility. 
It is known that the density of packing is the same for both crystal structures, 
so the large change in volume could not arise from a rearrangement of the 
lattice. Further, Hull ( 1922 ) reports that it is not possible to complete the 
change from hexagonal to cubic by annealing. In the absence of an explana¬ 
tion of this phenomenon the curves of fig. 4 must be regarded as representa¬ 
tive of cobalt of different densities. The original electrolytic cobalt had the 
highest density ( 8 * 8 ). Each high temperature run, it must be remembered, 
is equivalent to annealing the specimen, although the precise conditions 
are not known, and often it was found that the plotted points began to 
follow a parallel curve always towards smaller susceptibility values. Only 
after prolonged annealing at about 1400° C. w as it possible to obtain a stable 
and complete 1/x', T curve. These changes of density are of the same order 
as those given in Mellor, from which it will be seen that themagnetic constants 
of cobalt generally are uncertain. The phenomenon, however, does not 
invalidate the Curie constant which is quite definite, but the Curie point 
is rather variable. 

Table V 

0 C = x(T~0) Pp»r = SUC/Np* 

377° C. 0 00548 1-61 

206° C. 0 00086 1-78 

1130-1155° C. 0 02080 3 15 

828° C. 0-02220 3 16 

828° C. 0 02240 3 17 

828“ C. 0 02250 3 18 

— 002270 3-20 

820° C. 0 02200 3-16 

Table VI 


Element 


p~crJN 

o A 

Ni 

3,370 

0*606 

0*322 

Co 

9,500 

1*710 

1*228 

Fe 

12,230 

2*220 

1*265 


The summarized results are shown in Table V, and Table VI includes 
other relevant data. The values of the saturation intensity per gram atom 
are given in the second column of Table VI, whilst the third gives the 


Nickol 600-850° C. 

925-1200° C. 
Cobalt 1230-1450° C. 
Iron-Vanadium 5 % 
4-1 % 
2*5 % 

(extrapolated) 0 % 
Iron from £-phase 
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intensity expressed in Bohr magnetons per atom. In the fourth column 
are the products %Jf(T - d) = C A , where M is the atomic weight and C A the 
Curie constant per gram atom deduced from the experimental data. 

The general quantum theory of paramagnetism leads to the equation 
(Stoner 1934 ; Mott and Jones 1936 ) 


X M(T-d)~C A = 


j +1 Ng*ffi z 




k 


<« 


where N is the number of elementary magnets per gram atom, g the Land 6 
splitting factor, ft the Bohr magneton and k the Boltzmann constant. 

Comparison of the above equation with the experimental results shows 
that the deduced values of C A are higher than those predicted theoretically, 
assuming the spins to be uncoupled, whilst the curvature of the 1 jx>T 
curves near the Curie point is not accounted for. Attempts have been made 
(Mott and Jones 1936 ) to explain the observed results in nickel by assuming 
that the metal contains a mixture of ions with different j values, electrons in 
ions with j > £ being coupled. Thus if A i is the fraction of the lattice points 
occupied by ions with a given j value, equation ( 1 ) can be generalized to 


P 


2 

par 


3 kc _ v 

“ N/i s ~ 


9*3(3+ l ) A 


P 


( 2 ) 


wh^rep par is the paramagnetic magneton number. The summation extends 
overall the relevant j values. 

Ihe observed values of p par are given in the last column of Table V. 
Experimental work on the gyromagnetic effect for the three ferromagnetics 
gives g « 2 , whilst for normal ferromagnetics above the Curie point there 
is some evidence that a similar value obtains (Sucksmith 1935 ). ^ or nickel 


kC 
Nfi 2 


0*862 


y fj(i+})A i 


We have from the ferromagnetic number for this element 

g £jAj 0*606, 

and finally EA i » 1 . 

The possible states for the nickel atom deduced from spectroscopic data 
are d 9 # 1 and rf 10 , with 2 , 1 or 0 positive holes respectively, giving 
j values for the ions 1, £ or 0. Solving the above equations, excluding 
negative values for A p the best solution is given by ,4 0 =»0*70, A x **0 and 
A 2 = 0-30, giving 0*81 for kCjN/t 2 instead of the experimental value 0*87. 
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For cobalt and iron analogous calculations lead to even less satisfactory 
conclusions. 

In the case of atomic iron, the lowest levels are d*$ 2 and dV, corre¬ 
sponding to 2 or 1 Hence 

kC 

8A 4 » 3*40, 

, 3,4 3 -f4^ = 2 * 2 , 

and ^4 3 + A 4 = 1 . 

/These equations do not, of course, admit of a solution. If we make the 
fassumption that the level d 8 is possible, extending the calculation to 
include A 2 , we get 

A 2 - 0*8.5. A 3 - 0, A 4 “ 0*15, 

i.e. the largest proportion of atoms have two parallel spins and a small 
fraction four. 

For cobalt the levels are analogous to those found in nickel, i.e. dV 2 , 
dWandd 9 , i.e. j = li, 1 or i. The corresponding equations for this element are 

A x + $A % - +54 a * 3-40, 

A 1 ^-2A 2 ^r3A 3 *= 1-71, 

Ai-h A 2 + A 3 =* 1. 

Inspection shows that there is no solution even approximating to the above 
conditions. 

It does not then appear possible to account for the ferromagnetic and 
paramagnetic magneton numbers by assuming that the metal is a mixture 
of ions, having the j values that the ions have in the lower states of the free 
atoms. 

It may be that the difficulty of securing even an approximate explanation 
for the case of cobalt is in some way connected with its abnormal density 
variation or its hexagonal crystal structure. In connexion with the latter, 
the law of corresponding states, i.e. the variation of the ratio of the saturation 
intensity at a temperature T to that at absolute zero (cr/<r 0 ) with 6jT t has 
been investigated closely only for nickel. For cobalt and iron, no results 
of comparable accuracy are available. The theoretical shape of the curve 
depends upon the j value assumed for the ferromagnetic state, j = £ giving 
the best fit for nickel. It is necessary to establish whether or not the 
variation is of the same type for all three ferromagnetics. Experiments 
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on the saturation intensity of cobalt and iron at different temperatures 
up to the Curie point are at present in progress in these laboratories. 

Our thanks are due to Professor N. F. Mott for discussion and advice 
on the theoretical aspects of the work, and also to the Colston Research 
Society of the University of Bristol for a grant towards the expenses of 
the investigation. 


Summary 

A method is described for measuring magnetic susceptibilities in a con¬ 
trolled atmosphere or in vacuo at temperatures up to 1500° C. The special 
precautions required to prevent solid diffusion and minimize evaporation 
in measurements on metals are discussed. Accurate measurements on the 
susceptibilities of the ferromagnetic elements, hitherto confined to nickel, 
are extended to cobalt and iron. The magneton numbers for both these 
elements are deduced to an estimated accuracy of 1-2 % from the experi¬ 
mental data. It is shown that the existing theory is inadequate to explain 
the new results obtained. 
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The hyperfine structure of the Zeeman components 
of the resonance lines of sodium 

By D. A. Jackson and H. Kithn 

(Communicated by F. A . Lindemann y F.R. 8 .—Received 4 April 1938 ) 

[Plate 10] 

Introduction 

The existence of a nuclear spin, which is responsible for the hyperfine 
structure of spectral lines, also causes the components of the Zeeman 
pattern to have a hyperfine structure of a similar width of splitting. In 
order to find the value I of the nuclear spin from the normal hyperfine 
structure, accurate measurements of intensity ratios or interval ratios are 
in general necessary. The magnetic hyperfine structure however yields the 
value of I in a more direct and certain way. In a sufficiently strong field, 
each Zeeman component consists of 21 +1 hyperfine structure lines of 
fairly uniform spacings and intensities. If it is possible to resolve this struc¬ 
ture, the value of the nuclear spin ca n be established with absolute certainty 
from the number of lines. 

If the magnetic field is decreased, the relative position of the hyperfine 
structure lines changes, as a result of the change in the relative coupling 
between the field and the angular moments J and I of the electrons and of 
the nucleus. Quantum mechanics gives a complete quantitative description 
of this change of the pattern in intermediate fields. 

In four instances only—Bi (Back and Goudsmit 1928; Zeeman, Back 
and Goudsmit 1930), T 1 (Back and Wulff 1930), Cs (Kopfermann and 
Krfiger 1936), and K (Jackson and Kuhn 1938)—has the hyperfine structure 
of the Zeeman effect been resolved, and only in the case ^f T1 (/ = £) was 
a systematic study made of the variation of the pattern with varying field 
strength. 

The main difficulties in observing magnetic hyperfine structures are the 
closeness of the lines and the great range of wave-lengths which has to be 
observed. 

In the following experiments, the hyperfine structure in the Zeeman 
components of the two resonance lines of sodium has been investigated. 
By the method of absorption in an atomic beam, the Doppler width was 
reduced to one-tenth of the normal value. To overcome the second of the 
two difficulties just mentioned, two etalons in series were used. 

[ 206 ] 
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In agreement with intensity measurements (Atta and Granath 1933 ) and 
magnetic deflexion experiments (Rabi and Cohen 1932 ), the value /=*= § 
of the nuclear spin of Na was established. The position of the lines as 
given by quantum mechanical theory was compared with the measured 
values. The agreement was perfect up to the limit of experimental accuracy. 
On account of the very high resolving power used, the accuracy of the 
experimental test of the theory was very much greater than that in the case 
of thallium; also it was possible to test the theory over a greater range of 
field strengths. 

Exposures without magnetic field, using a collimation of 1 / 20 of the atomic 
beam, showed the hyperfine structure due to the 3 2 P* term resolved. 


Light source, atomic beam and electromagnet 

The light source was a commercial sodium lamp. With a current of about 
0*7 amp. the resonance lines were emitted with little self-reversal but 
considerable broadening, the width being about 0*2 cm. -1 . 

The atomic beam producing the absorption was similar to that used by 
the authors in the investigations of the hyperfine structure in the spectrum 
of potassium (Jackson and Kuhn 1935 , 1938 ). The collimation was 1/10 for 
the magnetic experiments, giving a half-value width of 0*006 cm.* 1 . For 
resolving the 2 P* structure without magnetic fields, a collimation of 1/20 
of the atomic beam was used, giving a half-value width of 0*003 cm.” 1 . 

The magnet used was that described in the work on potassium; the field 
strengths were determined ballistically by comparison with a standard 
solenoid to an accuracy of about 0*5 %. On account of the relatively small 
field strength, there was no difficulty in obtaining a uniform field. 

The spectrograph and interferometer 

The spectrograph used was of 1*5 m. focal length, the prism being of very 
dense glass (/i D = 1*78) with an angle of 65°. The prism was displaced 6 ° 
from the position of minimum deviation, the dispersion thus being 
increased to about twice the normal, the separation of the sodium D lines 
being 0*7 mm. 

In order to obtain the necessary high resolving power (0*003 cm." 1 ), 
together with the relatively great spectral range (0*2-0*25 cm." 1 ), it was 
necessary to use two etalons in series. An arrangement similar to this has 
been used by Houston ( 1927 ) and by Gehrcke and Lau ( 1927 ). Two etalons 
are so arranged that the centres of their fringe systems exactly coincide, and 
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the ratio of their plate separations is made equal to a whole number. Now 
the scale of wave-lengths, measuring from the centre of the fringe system, is 
independent of the thickness of the etalon and depends only on the wave¬ 
length of the light and the focal length of the lens used. In the present work 
a 2 cm. etalon was used in conjunction with an 8 cm. etalon; under these con¬ 
ditions the fringes of the nth order of the 2 cm. etalon exactly overlap those 
of the 4nth order of the 8 cm. etalon; while the fringes of order 4n + 1, 4n 4 - 2 
and 4n 4 - 3 of the 8 cm. etalon are no longer visible, as these correspond to the 
orders n + n-f 4 and n + § of the 2 cm. etalon. This is shown diagram- 
matically in fig. 4. 

n+2 n+l n 

2 cm. etalon I I f 


8 cm. etalon 


4n+8 4n + 7 4n +6 4n+5 4n+4 4n+2 4n 

4n+3 4n+l 


Pm. 4 


This arrangement gives a spectral range of 025 cm." 1 , corresponding to 
that of a 2 cm. etalon, and a resolving power of about 0-003 cm.” 1 , equal to 
that of the 8 cm. etalon. The plates of the 2 cm. etalon were silvered to about 
20 % transmission, giving a sufficiently high resolving power to reduce the 
light of the orders 4 n 4-1 or 4 n 4 - 3 of the 8 cm. etalon to a small fraction of 
its value at the maximum; heavier silvering would have caused great loss 
of intensity, without any advantage. The 8 cm. etalon was silvered to about 
5% transmission, giving the necessary resolving power of 1/20 order 
(0-003 cm." 1 ). The two etalons were placed between the collimator and the 
prism, that of smaller plate separation being nearer to the collimator. 

In practice it is impossible to make the plate separation of the one etalon 
exactly four times greater than that of the other. However, this difficulty 
can be overcome if a small adjustment in the path difference of one etalon 
can be made so that the nth order of one exactly coincides with the (4 n 4 - a)th 
order of the other, where a is a whole number, small compared with n. 
The alteration in path necessary for this is between 0 and | wave-length; 
this was achieved by Burger and van Cittert ( 1935 ) by heating one of the 
etalons; in this work it was achieved by adjusting the air pressure in the 
8 ora. etalon.* 

* Gehroke and Lau obtained coincidence by tilting one etalon relative to the 
other, a method which can only be used when the fringes are observed at a point 
considerably removed from the centre, where the scale is nearly linear, but too small 
for the resolution of the very small differences of wave-lengths observed here. 
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Accordingly, both of the etalons were enclosed in airtight boxes; the box 
containing the etalon of 2 cm. plate separation being fitted with a mercury 
manometer, and the other with an oil manometer. The length of slit used 
was 15 mm., and the two etalons were adjusted so that the centre of the 
fringe system coincided with a cross-wire fitted to one end of the slit. 


Adjustment of the double etalon 

First the plates of both of the etalons were ad j usted parallel in the usual 
manner, by means of the cadmium red ray. The angle of the 2 cm. etalon 
was then adjusted so that the centre of the fringe system coincided with the 
cross-wire on the slit. The angle of the 8 cm. etalon was then adjusted by 
observing the slit through the two etalons with a telescope; when the two 
etalons were not parallel, a multiple image of the slit w as observed. 

The pressure in the box containing the 2 cm. etalon wm set so that the 
fringe nearest the centre of the system (in either the line 5896 or 5890, 
according to which was to be observed) was approximately in the centre of 
„ the image of the slit, this fringe then occupying the central 7 mm. of the 
image. The air pressure in the box containing the 8 cm. etalon was then 
adjusted for coincidence. The 1) lines of sodium were observed through 
the etalons and spectrograph, with the atomic beam of sodium at sufficient 
intensity to give a good absorption. It was seen that at two pressures 
separated by about 16 cm. of oil, instead of the normal doublet hyperfine 
structure, there were observed three components, while at a point midway 
between these the normal structure was observed. The pressure giving 
three apparent components corresponded to the two fringe systems being 
exactly out of phase, the nth order of the one etalon overlapping the 
(4n + a + 1) order of the other. The “ doubling ” due to this resulted in three 
apparent lines instead of four, because the separation of the hyperfine 
structure doublet happens to be almost exactly equal to one order of the 
8 cm. etalon, resulting in the overlapping of two of the four lines. The pressure 
midway between those required for doubling gave the condition for coin¬ 
cidence of the two fringe systems, and was determined to an accuracy 
of about 1/15 order of the 8 cm. etalon, or 1/60 order of the 2 cm. etalon. 

Observations of Zeeman effect 

The line 5890 was observed at eleven different field strengths varying 
between 1060 and 3060 gauss, and the line 5896 at nine different field 
strengths between 790 and 2090 gauss, three or four independent photo- 
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graphs being made at each field strength. In both series of observations 
the n components only were photographed, a Nicol prism being placed 
before the slit of the spectrograph. It was considered unnecessary to 
observe the <r components because the hyperfine structure of the Zeeman 
effect arises almost entirely from the level 3S*; the tr components would 
therefore possess almost the same structure as the n components, but the 
separation of the groups would be greater and thus require a greater 
sjKJctral range. 

The exposure needed was 1 min.; on each plate four (or five) exposures 
were made, one of the absorption without magnetic field and three (or four) 
of the absorption at different magnetic fields. Three such plates were made 
at short intervals. The positions of the simple hyperfine structure lines were 
measured in all three plates; the variation was never greater than 
0*0005 cm." 1 ; this was a reliable test of the constancy of the thickness of 
the etalon during the course of a series of exposures. The temperature of 
the sodium was 250 and 285° C. without and with magnetic field for the 
line 5890; and 270 and 305° C. for the line 5890. 

The plates were measured by finding the distance of the observed lines 
from the cross-wire on the slit. For the calculation of the wave-lengths 
the distances from the centre of the fringe system are needed. The coin¬ 
cidence of the centre with the cross-wire was, however, not accurate enough 
to be relied on. Therefore the exact position of the centre was found from 
measurements of the same line in se veral orders and the value of the scale 
constant F 2 x A, calculated from the focal length F and the wave-length A. 
It was found that the probable error of this determination of the centre 
gives rise to errors of not more than about 0*0002 cm. 1 . 

The centre of gravity of the hyperfine structure doublet was determined 
from the measurements of the photographs of the absorption without 
magnetic field, and the wave numbers of the measured Zeeman com¬ 
ponents were calculated as displacements from this. 

Results 

Enlargements and photometer tracings of some of the plates are shown in 
figs. 1 and 2, Plate 10. They are so arranged that the centres of gravity of the 
patterns are on a vertical line, marked c.g. The last photograph shows the 
line without field. It appears as a doublet, the splitting being mainly due to 
the 38* term. The finer structure due to the splitting of the 2 P* | terms 
is not resolved here (see last paragraph). 

In the stronger fields, two groups of lines are visible, each group repre- 
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senting one n component of the anomalous Zeeman effect. The fact that 
each group consists of four lines proves that 27+ 1 » 4, or I «= f. 

The complete structure could easily be observed visually. With decreasing 
field strength at first the distance between the two groups decreases, but at 
lower fields also the distances within each group change. Most conspicuous 
is the displacement of the line most to the left of the right group away from 
this group, while the remaining three lines approach each other. 

The results of the measurements are given in ordinary type in Tables I and 
II. Each figure is the mean of three or four independent determinations; the 
average departure from the mean was 0*001 cm.” 1 . Below 790 gauss the lines 
were too indistinct to be measured with certainty. This is partly due to their 
closeness, but mainly to the appearance of new lines at very low fields, as a 
result of the breakdown of the transition rules for m r and %. 


Table I. Observed ant> calculated 
7 r COMPONENTS OF A 5890, 3S*~3 a F| 


.Displacements of components from centre of gravity 
Field of normal li.f.s. doublet, in cm. 1 


1060 

— 0*038 

- (Hm 

-0*028 

-0-029 

-0*016 
-0-0 IS 

- 0-003 

-0-005 - 0-003 

0*019 

0-018 

0-033 

0-032 

0*045 

0-043 

1200 

- 0*041 
-0040 

— 0*029 
-0050 

-0*017 
- 0-019 

- 0*002 

- 0-005 -0-002 

0-020 

0-019 

0*035 

0-033 

0*047 

0-045 

1330 

-0-042 
- 0 042 

-0*029 
- 0-052 

-0*018 

-0-020 

- 0*004 

- 0-006 

0*002 

0-000 

0*020 

0-021 

0*036 

0-035 

0-048 

0-047 

1450 

- 0*044 
-0 044 

-0-033 
- 0-054 

-0*018 
- 0-022 

- 0*006 
-0-007 

0*003 

0-001 

0*022 

0-022 

0*038 

0-036 

0*050 

0-048 

1570 

— 0-046 
-0040 

- 0*035 

- 0-050 

- 0*022 

-0-023 

-0*009 
- 0-009 

0*004 

0-003 

0*023 

0-023 

0*038 

0-038 

0*051 

0-050 

1840 

-0*051 

-0-050 

- 0*038 

- 0-039 

-0*025 

-0-027 

- 0*011 

-0-012 

0*007 

0-007 

0-026 

0-026 

0*041 

0-041 

0*054 

0-054 

2090 

— 0*054 
-0 054 

-0-043 
- 0-043 

- 0*030 

- 0-030 

-0*015 
- 0-015 

0*011 

0-011 

0*030 

0-029 

0*045 

0-045 

0*058 

0-057 

2320 

- 0*059 

- 0-058 

-0*046 

-0-046 

-0-033 
- 0-033 

-0*018 
- 0-018 

0*015 

0-015 

0*032 

0-033 

0*048 

0-048 

0*061 

0-061 

2560 

-0*061 

-0-002 

- 0-050 
- 0-050 

-0*037 

-0-037 

-0*022 
- 0-022 

0*019 

0-01S 

0-037 

0-036 

0*052 

0-051 

0*065 

0-064 

2800 

- 0*065 

- 0-000 

- 0*053 

- 0-054 

- 0*040 

- 0-040 

-0*024 
- 0*025 

0*023 

0-022 

0*040 

0-040 

0*056 

0-055 

0*070 

0-068 

3060 

- 0*069 
-0-070 

-0-057 
- 0-057 

-0*044 

-0-044 

-0*029 
- 0-030 

0*028 

0-026 

0*045 

0-044 

0*060 

0-060 

0*074 

0-072 
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Table II. Observed and calculated 
it components of A 5896, 3Sj-3 *Pj 

Displ tvcements of components from centre of gravity 
Field of normal h.f.s. doublet, in cmr 1 


790 

-0045 

-0045 

-0*038 
- 0-038 

-0-029 

-0-029 

— 0-016 
- 0-017 

0*005 

0-005 

0*029 

0-030 

0*043 

0-042 

0*051 

0-051 

930 

-0-049 

-0-049 

-0*041 

-0-041 

- 0-031 

- 0-032 

-0-018 
~ 0-019 

0*011 

0-009 

0*032 

0-032 

0-046 

0-045 

0*057 

0-055 

1000 

- 0-053 
-0-053 

*- 0*045 
- 0-045 

~ 0-034 
-0-035 

- 0-021 
- 0-022 

0-015 

0-014 

0-035 

0-035 

0*049 

0-048 

0*059 

0-058 

1200 

-0*058 

-0-058 

-0-049 

-0-049 

-0-038 
- 0-039 

-0-026 
- 0-025 

0*017 

0-018 

0*038 

0-038 

0*052 

0-052 

0*062 

0-062 

1330 

- 0*062 
- 0-062 

-0-052 
- 0-052 

-0*041 
- 0-042 

- 0*028 
- 0-029 

0*022 

0-022 

0-041 

0-042 

0-054 

0-055 

0*066 

0-066 

1450 

- 0-066 
- 0-065 

- 0-056 
- 0-056 

-0045 
- 0-045 

-0-032 
- 0-032 

0-025 

0-026 

0*044 

0-045 

0-058 

0-058 

0*069 

0-069 

1570 

-0 071 
- 0-069 

- 0*060 
- 0-060 

- 0*049 
- 0-049 

-0-035 
- 0-035 

0*029 

0-029 

0-047 

0-048 

0*061 

0-062 

0*073 

0-073 

1840 

- 0-079 

— 0*078 

— 0-068 
-0-068 

-0-057 
- 0-056 

- 0*043 

- 0-042 

0-038 

0-038 

0-055 

0-056 

0*069 

0-069 

0*081 

0-081 

2090 

- 0-086 
- 0-085 

-0-076 

-0-075 

-0-064 
- 0-063 

-0*051 
- 0-050 

0*045 

0-046 

0-062 

0-063 

0*076 

0-077 

0*088 

0-088 


Comparison with theory 

The complete quantum mechanical theory of the anomalous Zeeman 
effect for fields of any strength has been given by Heisenberg and Jordan 
( 1926 ) and by Darwin ( 1927 ). It has been applied to the hyperfine structure 
of the Zeeman effect by Goudsmit and Bacher ( 1930 ). 

Fig, 5 gives the term diagram of the Zeeman effect of the line S 2 P s 
of sodium. The very narrow hyperfine structure of the term 3 2 Pg is omitted, 
and the n components only are shown. In the left part of the diagram the 
calculated transition into the terms in a weak field is plotted. 

The following expression gives the distances of the eight n components 
from the centre of gravity of the pattern. 


Av «s 


^ _ASj // Am 
2(27+1) 2 VV 27+i 




X 


27(7+1)’ 


where * - ts^M. 


fi 0 being the Bohr magneton, g(J) the Lancia {/-value 


of the term. JSj, A i F l and are the widths of the ordinary hyperfine 


Vol, CLXV1L A. 
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structure splittings of the corresponding levels. The first two terms of the 
right side of the equation represent the structure of the level 3S$, the last 
two terms that of the levels 3 a P tii . 

Seven of the eight lines are found by putting m = 2, 1,0 and — 1 and using 
the positive value of the root, and 1, 0 and — 1 with the negative value of the 
root. The eighth line is given by m — — 2, the value of the root being made 



equal to 1 — x. For great values of x (strong fields) this is negative and makes 
the corresponding spectral line join the group with positive values of Av; 
for #<1, however, it joins the other group, forming a set of five lines 
which pass into the stronger of the two hyperfine structure lines without 
magnetic field. 

The simple form of the last two terms of the equations is made possible 
by the smallness of the *P W structures compared with the Lorentz splitting. 
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It is an expression of the “ Paschen-Baelc effect” of the hyperfine structure 
of the 2 P** terms, causing a pattern of equidistant fine structure terms 
superimposed on the ordinary anomalous Zeeman shift of the term, the 

distance between each two terms being d 2 P| $ x ^ does 


depend on the field strength. This fine structure of the 3 P*| terms as expressed 
in the last term of the equations is a small correction only, for the 3 2 P } 
term it is within the limits of error of the experiment. 

Using the experimental values 


JSj 0-0592, d 2 Pj = 0-0004 and d 2 P* = 0*004 cmr 1 
(see last paragraph), the above formula gives for the line 38*-3 2 P# 


Av « 0-0074 — 0-0297 v /(l -f mx + x z ) 

± j x 4-7 x 10 ~ h H ± mjVij x 0*001 cm,” 1 , 


and for the line 3 S *~3 a P* 

Av = 0*0074 - 0*0297 l + mx + x*) 

+ | x 4'7 x 10~ 5 // ± m r rn r x 0 * 003 cm .” 1 


These formula give the results printed in italics in Tables I and IT. 

In figs, 6 and 7 the curves give the calculated positions of the spectral lines 
and the crosses or circles the experimental values. The agreement is well 
within the experimental errors. In particular the displacement of the line 
mentioned before (arising from the level ra ~ — 2) shows directly the change 
in arrangement of the levels with changing field. 

In fig. 5 the term values derived from direct observations of the lines 
3S^3 2 P t and 3S* -3 2 P 1 are marked by crosses and circles respectively. They 
are obtained from the measured frequencies by subtracting the last two terms 
of the equation. 

For the strongest fields used, the Paschcn-Back effect of the hyperfine 
structure is very nearly complete even for the 38* term, the distances 
between the four lines of each group and also their intensities being almost 
equal. 


The hyperfine structure of the 3 2 P* term 
In order to determine accurately the values dS* and dP* } used above, 
it seemed desirable to resolve the structure of the line 3S*~3 2 P* completely. 
This line was therefore investigated without magnetic field, by means of 
an atomic beam of colliraation 1 /20 and the same set of etalons. The enlarge¬ 
ment and photometer tracing in fig. 3, Plate 10 show the long wave-length 

14-2 
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component of the doublet resolved into two lines A x and A % , and a very weak 
line B x (hardly visible in the reproduction) appears close to the short 
wave-length component B 2 . The results of the measurements of the lines are 

A 2 B x B t 

0 0000 0*0064 — 0*0656 ± 0*0003 cm ,- 1 

The position of the component B x was not measured on account of’ its 
weakness; the separation between B x and # 2 nauat be equal to that between 
A x and A t . 

From the measurements it follows directly that the doublet splitting of 
the term 3 *Pj is equal to 0*0004 + 0*0003 cm. ' 1 , and that of the term 3Sj 
is 0*0592 + 0*0003 ora." 1 . 

The separation of the hyperfine structure doublet of the line 38^-3 a P|> 
5890, was also measured and found to be 0*0575 + 0*0003 cm." 1 . This gives, 
when allowance is made for the unresolved 2 Pg structure, the value 
0*0596 ± 0*0003 cm.*" 1 . 

Previous measurements by the authors, where the 3 2 Pj structure was 
not resolved, gave the values 0*059 and 0*007 cmr 1 for the 3S* and 3 2 Pj 
splittings, in very good agreement with the new' measurements. The value 
of the splitting of the 3S$ term from magnetic deflexion experiments is 
0*0596 + 0*0006, while Meissner and Luft ( 1937 ), using an excited atomic 
beam, found the value 0*0594 + 0*0003 era ." 1 and for the term 3 2 Pj, 0*0058 
±0*0003 cmr 1 . 

The authors take this opportunity of thanking Professor Plaskett for 
placing at their disposal his excellent photometer, and Professor Lindemann 
for his continued interest in the research; and also Queen's College and 
St John's College, Oxford for the stipends granted to one of them. 

Summary 

The hyperfine structure of the Zeeman n components of the two resonance 
lines of sodium was observed by means of the absorption in an atomic beam, 
the high resolving power instrument being a double etalon with separations 
of 2 and 8 cm. In strong fields, each Zeeman component was found to possess 
four hyperfine structure components, proving with certainty that the 
nuclear spin of sodium is f. 

The alteration in the spacings of the lines as the field strength was changed 
from 3060 to 790 gauss was found to be in excellent agreement with that 
predicted by quantum mechanics. 

A direct determination of the hyperfine structures of the terms 3S| and 
3 a Pj was made from the complete resolution of the line 5896. 
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The absorption spectra of the halogen acids in 
the vacuum ultra-violet 


By W. C. Prick 

The, Physical Chemistry Laboratory , Cambridge 
(Communicated by R. G. W. Norrish, F.R.S.—Received 20 April 1938) 

[Plate 11] 

Although the halogen acids have long been known to possess regions of 
continuous absorption, no discrete electronic spectra have previously been 
reported for the neutral molecules. Their emission spectra occurring be¬ 
tween 2800 and 4000 A really belong to the molecular ions. In the work 
to be described here, new absorption spectra of the halogen acids, which 
c onsist of very intense systems of relatively discrete bands, have been dis¬ 
covered in the Schumann region. The spectra are essentially in the nature 
of strong resonance bands and are very similar in this respect to corre¬ 
sponding bands of the alkyl halides (Price 1936), Extensive absorption 
systems of I 2 , Br 2 and Cl 2 have also been found in the same region. These 
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will be described in a later publication. The continuous background against 
which the bands were observed was provided by the Lyman continuum. 
Other experimental details have been reported previously (Collins and 
Price 1934 ). 

The absorption spectrum of hydrogen iodide is shown in fig. 3 a (Plate 11 ). 
This particular photograph corresponds to a pressure of about 0*01 mm. 
in a path length of 50 cm. The most striking feature of the spectrum is the 
presence of a large number of bands with strong sharp Q branches accom¬ 
panied on either side by weaker P and R branches (fig. 1 a, 5, c), the 
rotational structures of which are only slightly degraded. This indicates 
that a relatively non-bonding electron is being excited, a fact which is also 
substantiated by the absence of any pronounced vibrational progressions. 
For example, the first strong band at 1702 A is unaccompanied by any 
vibrational bands, there being a transparent region more than 5000 cmr J 
wide to the short wave-length side of it. Though the rotational structures 
of the P and R branches of this band are diffuse, the sharp nature of the 
Q branch is easily discernible (see fig. 1 a, c). The spectra of HBr and HC1 
each begin with a very similar band occurring at 1401 A for HBr (fig. 1 d) 
and at 1331 A for HC1 (fig. 1 e). It will be shown that these bands are related 
to one another and are analogous to the B bands of the alkyl halides. The 
next strong bands on the short wave-length side of them can further be 
linked with the C bands of the alkyl halides. Because of certain peculiarities 
which the above bands of the halogen acids (fig. 1 c, d, e) exhibit, they will 
be discussed together in a later paragraph. 

In going to shorter wave-lengths, the general tendency of the bands is to 
diminish in intensity and to crowd more closely together in the maimer 
characteristic of bands approaching an ionization potential. In fact, below 
1200 A a well-developed “ Rydberg head” of bands can be observed. This 
consists of successive groups of rather diffuse bands converging to a limit 
around 1122 A. The contours of successive bands resemble one another, 
and the intensities of the bands diminish regularly in the manner expected 
for the electronic bands of a Rydberg series. The strongest peaks of the 
contours conform quite well to the following Rydberg formula: 

v « 89,130 ~~Rj(n + 0-70) 2 n = 2 , 3, 4, etc. (i) 

About eleven members of this series were found, and their observed and 
calculated frequencies are given in Table I. Subsidiary peaks in the con¬ 
tours can be represented by changing the Rydberg denominator in (i) to 
(n + 0*93) a (ii), and (» 4 -1*25) 2 (iii). 
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Table I. Observed and calculated frequencies for series (1) 

OF HYDROGEN IODIDE 


n 

%bs. 

^obs. 

*Valc. 

^obs-calc. 

2 

1346*1 

74,290 

74,067 

213 

3 

1232-8 

81,115 

81,114 

1 

4 

1187-6 

84,200 

84,162 

38 

5 

1165-8 

85,770 

85,752 

18 

6 

1153-4 

86,700 

86,685 

15 

7 

1145-6 

87,285 

87,269 

16 

8 

1140-3 

87,700 

87,680 

20 

9 

1136*9 

87,960 

87,964 

— 4 

10 

1134-2 

88,170 

88,172 

— 2 

11 

1132-2 

88,325 

88,328 

— 3 

12 

1130-5 

88,454 

88,450 

+ 4 

13 

1129*4 

88,540 

88,545 

— 5 


The convergence limit of the Rydberg series is equivalent to an ionization 
potential of 10*990 V, the maximum error in its determination being about 
± 0*005 V. The state of the molecular ion to which it belongs is undoubtedly 
(pcr) % (pnY, 2 ll t . That the non-bonding pn electron is the one which has 
been removed is indicated by the absence of vibrational structure among 
the bands which converge to this limit. The correspondence of the limit 
to the upper and not the lower component of *11 of HI + is revealed by the 
fact that in the region from 0*00 V below the limit to 0-00 V above the 
limit no bands are found which cannot be fitted into Rydberg series con¬ 
verging to 10*99 V. Now the spectroscopically determined doublet separa¬ 
tions of the *n states of HCI + and HBr + (Kulp 1931 ; Norling 1935 ) are 
approximately equal to the spin-orbit coupling coefficients of the respective 
halogen atoms, a result which is to be expected theoretically (Mulliken 
1932 ). in fact, the actual separations exceed the theoretical values by 
10 % for HCl f (043 : 588) and by 8 % for HBr+ (2053 : 2448). Thus the 
doublet width in Hl + might be expected to be about 5% greater than the 
value of the spin-orbit coupling coefficient of 1(7) (5000 cmr 1 ) and there¬ 
fore about 5320 cm , 1 or 0*60 V. The lower ionization potential should 
thus be 10 *99-0* 00 = 10*33 V, and a convergence limit of Rydberg series 
ought to occur around 1200 A. The overlapping of stronger bands going to 
the upper limit and the presence of a number of emission lines super¬ 
imposed on the continuum, together with the intrinsic weakness of these 
particular series, prevents the lower limit from being apparent in the 
spectrum. A further difficulty might possibly be the mutual perturbation 
of the two overlapping sets of Rydberg series (White 1934 ). Although two 
plausible series were found to converge to 83,560 cm ," 1 (10*31 V), they could 
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not, because of the above difficulties, be established in a really satisfactory 
way. It is quite sure, however, that the lower ionization potential does not 
differ from the suggested value of 10*33 V by more than a few hundredths 
of a volt. This is indicated by the following considerations. The strong 
bands at 1702*1 and 1004*7 A almost certainly correspond to configurations 
( 2 II li )nx and ( 2 Yl^)nx and are analogous to the B and C bands of the alkyl 
halides.* Now the separation of the B and C bands of methyl iodide is 
0*61 V, a value which is very close to the doublet separation in the 
molecular ion, 0*025 V (Price 1936 ). The corresponding bands in hydrogen 
iodide are separated by 5570 cm. 1 (0*09 V), and this should therefore 
correspond fairly closely to the doublet separation of HI + , thus indicating 
a value of 10*3 V for the minimum ionization potential. Further support 
for the existence of this ionization potential comes from the diffuseness of 
the bands below 1200 A (10*3 V). This is most probably due to auto¬ 
ionization and is to be expected for all bands lying above the minimum 
ionization potential. A determination of the doublet separation of 2 11 of 
HI+ from emission data is most desirable in order to obtain this ionization 
potential exactly. 

The values of the ionization potentials predicted theoretically by 
Mulliken are 10*85 and 11*47 V. Those obtained here, namely, 10*3 and 
10*99 V, are in good agreement with the predicted values. It should be 
mentioned that the lack of complete data on the iodine atom gives rise to 
an uncertainty of a few tenths of a volt in the predicted potentials. The 
small discrepancies of the observed values from those predicted are to be 
attributed partly to the charge transfer effect resulting from the dipole 
(0*38 D) associated with the molecule and partly due to a departure from 
ideal non-bonding conditions. The electron impact values for the ioniza¬ 
tion potential of hydrogen iodide are - 12*8 V (Knipping 1921 ; Mackay 
1924 ). This is considerably too high and is incompatible both with the 
spectroscopic data and the theoretical expectations. 

Although a large number of the bands of hydrogen iodide are diffuse, many 
are sharp and show fairly well-resolved rotational structure. The photo¬ 
micrographs given in fig. 1 b are typical examples of these latter bands. It 
is obvious from the sharpness of the Q branches and the lack of very pro¬ 
nounced shading, that the moments of inertia in the various excited states 
differ little from that of the ground state. The structure of the 1449 and 
the 1442 A bands is particularly simple. Assuming the value of 0*555 cm ." 1 
for the B r of hydrogen iodide in the ground state (A. H. and H. JH. Nielsen 
1935 ), the value in the upper state works out to be between 0*2 and 
* Term value considerations given later establish this definitely. 
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6*4 cm.** 1 . The dispersion is not great enough to permit a more exact 
analysis to be made. This might be done on a 21 ft. vacuum spectrograph 
using a fluorite cell. Of all the bands present in the spectrum only one or 
two bands appear to be vibrational bands accompanying the main electronic 
transitions. This is a further indication of the non-bonding character of the 
excited electron, since it means that the potential energy curve of the 
excited state of the molecule resembles so closely that of the ground state 
that the vibrational w r ave functions of both states are nearly orthogonal. 
Thus the probability of any transition involving change of vibrational 
quantum number is almost zero and the bands all correspond to vibration¬ 
less electronic transitions. This is particularly true of the first strong band 
at 1762 A* The second strong band at 1605 A apparently has a diffuse 
vibrational band roughly 1970 cm." 1 on its high-frequency side. 


The absorption spectra of HBr and HC1 

The first strong resonance bands of HBr and HC1 are shifted by increasing 
amounts to shorter wave-lengths relative to those of HI. This indicates 
successively greater ionization potentials, as might also be expected from 
the well-known increase in ionization potential in going to the lighter 
halogen atoms. The very short wave-length bands analogous to the bands 
forming the Rydberg series in HI are rather weak in the spectra of HBr 
and HG1, and not enough bands of this type could be obtained with 
sufficient distinctness and certainty to enable Rydberg series to be 
established . Thus spectroscopic values of the ionization potentials of these 
molecules could not be derived directly. In what follows we shall be con¬ 
cerned with the longest w ave-length bands and in correlating them with 
certain bands in the spectra of the methyl halides. This enables approxi¬ 
mate term values of the bands to be deduced. From these the ionization 
potentials of the molecules may be inferred. 

Because of the analogous character of the longest wave-length sets of 
bands in HI, HBr and HC1 they are shown together in fig. 1 c, d, e. The 
first band in each set is strikingly similar. It consists of a remarkably sharp 
Q branch not in any case wider than 10-15 cm.** 1 , with diffuse rotational 
structure on either side.* No vibrational band is found to accompany this 
main electronic band in either the iodide, the bromide or the chloride. 

* In the case of HBr and HC1 part of this structure is resolvable. Four lines in the 
P branch of HBr showed an average spacing of about- 20 cm.” 1 . Five similar lines in 
HC1 had a mean spacing of 25 cm." 1 . 
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(The weak satellites which accompany all the bands of HC1 lying a few 
Angstroms towards the shorter wave-lengths will be disregarded for the 
moment.) The second bands appearing at 1005 A for HI, at 1417*5 A for 
HBr and at 1390 A for HOI, differ considerably from the first bands. Their 
structure, though somewhat diffuse (except in the case of HC1), is shaded 
towards the red, thus indicating an appreciable change in the dimensions 
of the molecule as a result of the excitation. This is also in harmony with 
the fact that vibrational bands now appear accompanying the main band. 
These increase in intensity and number in going from HI to HC1. The values 
obtained for the vibration frequencies are 1970, 2440 and 2070 cmr 1 for 
HI, HBr and HC1 respectively. The determinations are rather rough 
because of the diffuseness of the bands. In the case of hydrogen chloride 
it should be noticed that the frequency has been almost completely reduced 
from its value in the ground state (2989 cm." 1 ) to its value in the 2 Fl state of 
HC1+ (2008 cm." 1 ). The rough value of x e oj ( , = 20 obtained for this state is 
quite different from the ground state (x e (o f = 51*65), but agrees well with 
the value - 20 found for HC1+. While similar remarks are probably also 
true of the bromide and the iodide, the emission data on HBr+ and HI+ 
are not yet available, so that the comparisons cannot be made. It must be 
recorded that the higher lines of the P branches of the 1290 and the 1248 A 
bands of hydrogen chloride are sufficiently discrete to be measured. Eight 
lines of the 1290 A band gave differences which increased uniformly from 
30 to 40 cm. -1 , and six lines of the 1248 A band gave differences increasing 
from 31 to 37 cm." 1 . The R and Q branches of both these bands are diffuse 
or at least unresolvable, so that values of the molecular constants cannot 
be derived from an analysis of the rotational structure. However, from a 
consideration of the rather sharp R head it can be shown that these 
spacings are not inconsistent with a slight increase in the moment of 
inertia of the molecule resulting from the electronic excitation, supple¬ 
mented by a further increase in the case of the 1248 A band due to its 
vibrational energy. These facts leave little doubt that the non bonding 
electron has been excited. 

It is now desired to show that the above analogous systems in the 
halogen acids correspond to systems in the methyl halides known as the 
B and C systems (Herzberg and Schiebe 1930 ; Henrici 1932 ; Price 1936 ). 
The B, C bands of the different methyl halides have been related because 
their term values are similar (Price 1936 ). The two bands in hydrogen 
iodide occurring at 1762 and 1605 A have term values of 32,380 and 
20,810 cm ." 1 respectively with reference to the HI* state of HI + . The 
states B and C of methyl iodide are 32,280 and 27,305 cm. 1 below the 
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upper component of the doublet state of CHgl*.* The close agreement of 
the two sets of term values in hydrogen iodide and methyl iodide leaves 
little doubt as to the relatedness of the respective bands. This is especially 
so in view of the expected theoretical similarity of the iodine in the two 
molecules (Mulliken 1935 a). Since it has not been possible to determine 
the ionization potentials of hydrogen bromide and hydrogen chloride 
spectroscopically, the term values cannot be used to correlate the bands of 
these molecules with the B and C bands of methyl bromide and chloride. 
However, it is possible to make this correlation by virtue of a certain 
peculiarity which they exhibit and by the fact that they are the first strong 
resonance bands of the molecules. The electronic terms of the halogen acids 
are derived from the doublet states of the molecular ions by adding an 
electron in an excited orbital with Si~8 coupling (Mulliken 1934 ) in a similar 
way to that in which the excited states of the corresponding united (rare 
gas) atom are obtained from the atomic ion. Thus the electronic states 
which we are considering here are of the type ( 2 ri|j)na; and ( 2 n t )w.#. On 
consulting the data on the rare gas atoms (Bacher and Goudsmit 1932 ), it 
will be found that when nx is ns , the separations of the excited states agree 
very closely with the doublet separation of the ion. However, when nx is 
np or nd the separations tend to be considerably larger. Now in the alkyl 
halides although C-B for the iodide is 4915 cm .- 1 (i.e. 54,025-49,710), 
agreeing fairly well with the doublet separation 5060 cmr 1 of CH^I*, it is 
found that for the bromide the value is 3070 cmr 1 (59,100-56,030) against 
2540 cm .™ 1 for CH 3 Br + and for the chloride -1200 cm . -1 (63,700-62,500) 
against 680 cm .- 1 for CH 3 CP. The increase of these separations for the 
bromide and the chloride over the doublet separation of the molecular ions 
is strange, especially in view of the fact that all the shorter wave-length 
pairs of bands of these molecules seem to have closely the ionic separation. 
This peculiarity was not stressed in the article on the alkyl halides (Price 
1936 ) because the bands were diffuse and it was thought that the factor 
producing this diffuseness might also be responsible for their deviations 
from normal doublet separations. Mulliken (1935 6 ) states that the 
excited orbitals of these particular bands are probably Mn iodine orbitals, 
an interpretation which seems likely, since the separation of the excited 
states of the united atom would in such a case bend to be considerably 
greater than the doublet separation of the ion. The bands of the halogen 
acids which we have been considering in the previous paragraphs show 
deviations similar to those discussed for the B and C bands of the methyl 

* All term values are with respect to ionization potentials based upon firmly 
established Rydberg series limits in CH 8 I and HI. 
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halides only to a somewhat greater extent. The separation of the bands 
of hydrogen bromide is 3455 cm .' 1 (70,540-67,085) as compared with 
2653 omr 1 for 2 II of HBr f (Norling 1935 ). For hydrogen chloride the 
separation is 2345 cm .”" 1 (77,480-75,135) as against 644 cm .'" 1 for the ion 
(Norling 1937 ). The doublet separation of HI+ is unfortunately not known 
with great accuracy, but it is certain that it is not very much different 
from the separation of the hydrogen iodide bands at 1762 and 1605 A 
(i.e. 5570 cm. -1 ). Thus, in addition to being the first strong absorption 
bands of the molecules, these halogen acid bands show similar peculiarities 
to the B and O bands of the methyl halides in deviating from the doublet 
separations of the molecular ions, and there can be little doubt that they 
correspond to very similar excited orbitals. 

It is possible to obtain quite close estimates of the ionization potentials 
of hydrogen bromide and hydrogen chloride by adding the term values of 
the B and G bands of methyl bromide and chloride to the frequencies of the 
corresponding bands of the halogen acids. This procedure, applied, for 
example, to hydrogen iodide, gives 11‘06 V for its upper ionization 
potential, a value which differs from that determined from Rydberg series 
by only 0 07 V. The underlying reason for this agreement is that for the 
substances considered big changes are only expected to occur in the lowest 
orbitals. The outer orbitals are likely to be essentially the same and to 
have the same term values in both the methyl halides and the halogen acids. 
Thus almost the same order of accuracy is to be expected for predictions of 
the ionization potentials of the other acids obtained by adding the term 
value of the methyl halide band to the corresponding band of the halogen 
acid. Taking mean-term values of the B and G bands of the methyl halides 
referred respectively to the lower and upper components of the doublet state 
of the molecular ion and adding these to the mean frequencies of the 
corresponding bands of the halogen acids, we should obtain very good 
approximations to the mean ionization potentials of the 2 H states of the 
molecular ions. For hydrogen iodide the value obtained by this method is 
10*71 V. This is to be compared with the value 11*16 V predicted 
theoretically by Mulliken on the assumption of ideal non-bonding con¬ 
ditions, i.e. the predicted energy separation of the iodine atom in its 
appropriate “valence” state from the corresponding “ valence” state in the 
molecular ion. For hydrogen bromide we get 12*04 V as compared with 
12*44 V predicted, and for hydrogen chloride 12*84 V against 13*66 V 
predicted. The value of the ionization potential of hydrogen iodide is of 
course strongly supported from the Rydberg series limit. The most recent 
electron impact determination of the ionization potential of hydrogen 
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chloride has been made by Nier and Hanson ( 1935 )* These measurements 
have been carried out with considerably improved technique and the 
results quoted in their paper are unusually self-consistent. The value they 
obtain is 12*9 ± 0*2 V, in very good agreement with the value we have 
deduced from spectroscopic evidence. The older electron impact potentials 
which are around 13*8 V thus seem to be definitely ruled out. 

The ionization potentials given are in all cases only very slightly less than 
those predicted. The discrepancies are chiefly due to the presence of the 
well-known dipole moments associated with the molecules and are of the 
same order of magnitude as those found in molecules having comparable 
dipole moments (e.g. H 2 S, predicted I — observed I — 10*83 — 10*42 = 0*41 V, 
dipole moment — 1*1 />). There is evidence for certain small changes in the 
shape of the potential energy curve of the ion relative to that of the neutral 
molecule which might also have some small influence on the ionization 
potential. This is most marked for HOI, becoming less so for HI. The latter 
molecule conforms most closely of all to the theoretical requirements by 
virtue of its very low dipole moment, and the almost complete covalent 
nature of the bond as judged by its negligible departure from the additivity 
law of bond energies (Pauling 1932 ). This is supported by the close 
proximity of the first strong resonance bands of I a (^ = 57,517 cm.” 1 ) to 
the HI band at 56,750, as the spectra of both molecules are expected to be 
similar to a limited extent. The other halogen molecules have bands which 
lie very near to the bands of the corresponding halogen acids and conse¬ 
quently must have ionization potentials which are close to those given 
above for the acids. This is confirmed by the rough electron impact 
values 10 , 12*8 and 13*2 V for the ionization potentials of I a , Br 2 and Cl 2 
respectively. 

The closeness of the ionization potentials of HI, HBr and HC1 to the 
values 1(7) = 10*44, Br(/)-11*80 and 0(7) = 12*96 V indicates very little 
difference between the heats of dissociation of the normal molecule and the 
molecular ions. The fact that in the molecular ions the intemuclear 
distance is slightly increased and the vibration frequency somewhat 
diminished does not necessarily imply a diminution in the heat of dissocia¬ 
tion, It is interesting to note that the relative displacements of the first 
long wave-length bands of the halogen acids are fairly close to the relative 
displacements of the ionization potentials of the corresponding halogen 
atoms, i.e. 10,334 : 8050 cmr 1 as against 11,050 : 9441 cm.* 1 . The same 
displacements for the methyl halides are considerably less, being 
5400: 5535 cm." 1 . This is to be expected as much larger charge transfer 
effects influence the term value of the ground states of the methyl halides, 
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a fact which is indicated from their greater bond moments and the larger 
diminutions of their ionization potentials with respect to the predicted 
values. 

With regard to the exact nature of the excited states of the bands 
reported here, it may be remarked that it is clear from the spectrum that 
strong absorption only occurs to comparatively few of the very many 
excited states which can be formed from a normal hydrogen and an excited 
halogen atom. It has not yet been found possible to come to any definite 
conclusion for a particular band in the face of so many possibilities. Com¬ 
parison with the rare gases indicates coupling practically completely of the 
Q-8 (J-J like) type for HI and HBr, while slight deviations are expected 
to occur for HC1. Possibly the tendency towards coupling in HCI 
accounts for the presence of the weak satellite band situated a few Ang¬ 
stroms to the short wave-length side of all the strong bands. The appear¬ 
ance of these bands suggests a partially forbidden transition. They 
duplicate all the stronger bands at slightly shorter wave-lengths. The 
vibrational frequency in the subsidiary set is less than that for the strong 
main system, and the bands rapidly approach one another with increase 
in vibrational quantum number. This makes it highly probable that both 
the main and the subsidiary systems have the same products of dissociation. 
The frequencies of the (Q) centres of the B and C bands of the halogen acids 
are given in Table II. The possible error of the measurements is probably 
about 5 cm." 1 . 

Table II. Frequencies of the ( Q ) centres of the bands of the 

HALOGEN ACIDS BELONGING TO STATES PROVISIONALLY 
DESIGNATED AS B AND G 


State 

HCI («»)* 

HCI (a) f 

HBr 

HI 

B 

75,134 

75,483 

67,084 

56,750 

a 

77,480 

77,856 

70,542 

62,320 

C+w 

80,150 

80,420 

72,990 

64,290 

C + 2<J) 

82,780 

82,965 

75,380 

— 


* 7n = n lain. 

t * 

S subnidiary. 



The predicted value of the ionization potential of HI rests upon an 
assumed value of - 10*5 V for the ionization potential of I(/) -> 3 P a ). 

It is supported to some extent by the approximate value 10*44 V, which 
Evans ( 1931 ) obtained by a rather big extrapolation. The good agreement 
obtained here between the observed and the predicted ionization potential 
of HI must also be regarded as supporting this value. It rules out quite 
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definitely the value 8*9 ± 0*2 V suggested by Cordes ( 1936 ) which is based 
upon an extrapolation of the * 2 * state of I 2 to its limit and on the assump¬ 
tion that the products of dissociation of this state are 1“ and I+. The 
pictures we have obtained of this somewhat diffuse Bystem indicate the 
extreme difficulty and uncertainty of such an extrapolation. Mulliken’s 
suggestion (Mulliken 1934 , p. 567 ) that this 1 2 1 | state really dissociates into 
neutral atoms, one normal and one excited, in a similar fashion to the 
analogous state of H g seems much more likely. 

In conclusion the author wishes to thank the Government Grant 
Committee of the Royal Society for financial aid which enabled the work 
to be carried out. 


Summary 

The absorption spectra of hydrogen iodide, bromide and chloride have 
been investigated in the vacuum ultra-violet. The bands observed are due 
to the excitation of a non-bonding npir electron and are the strong resonance 
bands approaching the states of the molecular ion; They start at 

1762, 1491 and 1331 A for hydrogen iodide, bromide and chloride respec¬ 
tively. In the case of hydrogen iodide a well-developed Rydberg series of 
bands was found approaching the a II 4 state of HI + , the limit of which 
corresponded to 10-990 ± 0*005 V. It was not possible to establish with 
certainty Rydberg series going to 2 H U of HI+ or to any of the 2 II states of 
HBr+ or HC1+. However, from correlations made amongst the bands of the 
different acids and with the corresponding transitions in the methyl halides, 
the mean ionization potentials (i.e. HA : -> HX+ : 2 IT) are determined 

to be 10*71, 12*04 and 12*84 V for hydrogen iodide, bromide and chloride 
respectively, the probable error being about a tenth of a volt. 
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The determination of the meteorological conditions of 
the atmosphere by the use of radio-sounding balloons 
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« 

(Communicated by Sir George Simpson , F.R.S.—Received 20 April 1938) 

3. Introduction 

Radio-signalling methods are sometimes applied to indicate or record 
temperature, pressure, humidity, and wind velocity, where the installation 
of an ordinary meteorological observing station would present difficulties 
due to the inaccessibility of the desired observing point. Such methods may 
also be applied to free balloon ascents for sounding the atmosphere, in which 
case the use of radio-signalling gives rise to three great advantages over the 
self-recording type of meteorograph. First, a reoord is obtained during the 
accent of the balloon and consequently the ultimate loss of the apparatus is 
of no importance; secondly, a large amount of aerological data can be 
obtained at a cost far less than that required for aeroplane observations; 
thirdly, information can be obtained at altitudes considerably greater than 
thoeegiven by aeroplane instruments. For these various reasons considerable 
attention has been given in certain European countries and in America to 
radio-sounding methods of exploring the atmosphere. 

The collection of reliable aerological data is now a matter of prime im¬ 
portance for a variety of purposes. Since a large number of ascents are 
necessary to obtain an adequate knowledge of conditions over a large area, 
tod since many of the instruments will be lost or returned in a damaged 
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condition, it is important to keep as low as possible the cost of the apparatus. 
In the present paper a description is given of a satisfactory radio transmitter 
equipped with meteorological instruments to give instantaneous indication 
of the pressure and temperature of the atmosphere. 

The general scheme by which aerological data are obtained with sounding 
balloons is as follows. A balloon of the necessary lifting capacity is attached 
to a parachute which in turn is tied to a radiating aerial supplied with current 
by a radio transmitter. Signals are emitted in a manner which is controlled 
by the meteorological instruments, and reception of these signals during 
ascent enables a knowledge of the aerological conditions to be obtained. 
The function of the parachute is to allow the apparatus to descend safely 
after the balloon has burst. The determination of wind velocity and direction 
is accomplished by observing the movement of the balloon by means of 
directional receivers situated on the ground. 

It is essential in this method of exploration to reduce as far as possible the 
weight of the apparatus so that comparatively small and cheap balloons 
may be employed to reach high altitudes. Furthermore, to obtain a large 
range with small power it has been found advisable to use very high radio 
frequencies. 


2. Brief review of existing methods 

There are four ways in which the emission from a radio transmitter can 
be controlled by meteorological instruments. These are as follows: 

(а) Variation of signal intensity. 

(б) Variation of signal frequency. 

(c) Variation of modulation frequency. 

(d) Interruption of signal. 

The first method is impracticable, due to variation of intensity of the 
received signal with distance between the transmitter and receiver. Methods 
involving variation of frequency or interruption of the signal have been 
explored to a considerable extent, but a method making use of variation of 
modulation frequency has, so far as is known, not been attempted pre¬ 
viously. 

Existing radio-meteorographs may be divided into two groups. One 
group makes use of interrupted signals at a constant radio frequency, the 
interruptions being produced and controlled by the meteorological instru¬ 
ments. The signals emitted are received at the ground station, and a 
succession of known instrumental values is obtained at irregular time in- 
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tervftle. On this principle radio-meteorographs have been built by Molt- 
ohanoff (1931), Bureau (1929) and Lange (1935). Some of these instruments 
make use of a code of signal interruptions to gi ve the desired information, 
while others adopt what is known as the “Olland” principle, in which a 
uniformly rotating arm makes contact successively with fingers attached to 
the meteorological instruments, the time intervals between the impulses 
being used to give the desired information. This method does not give 
continuous observation of the desired parameters. 

The other group of instruments makes use of a variable radio-frequency 
signal to transmit the setting of one meteorological element. In this way a 
continuous record at the ground station can be obtained for one meteoro¬ 
logical parameter. The other meteorological elements provide additional 
signals by the use of a switching device which operates only at certain 
selected points during the ascent. This principle of operation does not 
provide a continuous record of all the changing meteorological conditions, 
although in the case of the Vaisala instrument, the sequence of observations 
is sufficiently rapid for most purposes. 
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Fig. 1. Classification of existing types of radio-sounding transmitters. 


The various existing methods of operation are tabulated in schematic 
form in fig. 1. In comparing the variable-frequency and constant-frequency 
types of radio-meteorographs with one another, it is obvious that one dis¬ 
advantage of instruments of the constant-frequency type is that none of 
those at present available permit both extreme accuracy and rapid sequence 
of individual readings. Most instruments using a variable radio-frequency 
emission for indicating temperature furnish a continuous record of this 
parameter except for the occasional short intervals during which the 
pressure is being transmitted. In the V&is&la instrument (Vaisala 1935), a 
rapid sequence of observations of both temperature and pressure is given 
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by means of an air-operated switch. Although neither of these types gives 
a continuous record of temperature and pressure, the sequence of observa¬ 
tions is often sufficiently rapid for most practical purposes. 

A more serious objection to variable-frequency instruments is that the 
frequency band required to obtain the required instrumental accuracy is 
usually of the order of 1000 kc./sec. Tests made in America have shown that 
over this frequency range it is quite usual to find as many as fifty interfering 
stations, and consequently a considerable part of the record is missed. 
Difficulties are likely to arise.in obtaining permission to use such a wide 
frequency band permanently for meteorological purposes. A further serious 
objection arises with variable-frequency instruments due to the necessity 
of cali brating the meteorological elements with the aerial system in jjosition. 
When the transmitter leaves the ground, there is an appreciable change of 
radio frequency due to the sudden change of the aerial constants, and 
correction for this change is very difficult. Also, the reception of signals of 
variable frequency is not easy and adds considerably to the complexity of 
the receiving arrangements. 

Constant-frequency instruments possess the great advantage that only 
a small frequency band is necessary and reception is extremely easy. In 
addition, the meteorological instruments can be calibrated independently 
before assembly in the transmitter. On the other hand, with instruments 
employing moving contacts, the meteorological elements themselves are 
more complicated and expensive, and the accuracy is critically dependent 
on the uniformity of rotation of some clock or air-operated driving mechanism 
and on the constancy of the friction introduced by the contacts. Tests made 
on a “Duckert” instrument (Duckert 1933 ), in which the pressure element 
operates a light rolling contact to interrupt the anode circuit of the radio¬ 
frequency oscillator, revealed the presence of considerable hysteresis; the 
accuracy of the pressure determination was not better than 2 in, of mercury 
and was critically dependent on the contact pressure. The delicacy of 
meteorological instruments is such that no appreciable work can be per¬ 
formed by the moving parts, and the greatest objection to the use of devices 
employing rollers, fingers or similar contacting devices is the serious 
inaccuracy which is introduced inevitably by their presence. 


3. General principle of new method of exploration 

Consideration of the various existing methods of operation indicated that 
a satisfactory instrument could not be designed by further development 
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along such lines. The following characteristics appear to be desirable in any 
radio-sounding method of exploring the atmosphere: 

(а) The radio frequency of the signal emitted by the apparatus should 
be independent of the parameters to be measured. 

(б) Continuous recording of both pressure and temperature should be 
possible. 

(c) The meteorological instruments should not be called upon to operate 
any mechanism involving frictional members. 

(d) It should be possible to calibrate the meteorological instruments 
independently of the radio transmitter and such calibration should also be 
independent of the radio-frequency conditions. 

It appeared that the most promising means of attaining these character¬ 
istics was to make use of a modulated radio-frequency transmitter in which 
the modulation frequencies were controlled by the meteorological instru¬ 
ments. Hitherto such a method has received practically no attention, due 
no doubt to the difficulty of obtaining audio-frequency oscillators of 
sufficient frequency stability and also to the difficulty of devising a satis¬ 
factory scheme of modulation. Recent improvement in the design of con¬ 
stant-frequency oscillators has made the first difficulty less serious, while 
the development of a satisfactory means of modulation presents no serious 
objections. 

In the present system, both the barometer and thermometer units contain 
an iron-cored coil and a small iron plate. A change of inductance is produced 
by variation of the air gap between the plate and coil, and this inductance 
variation is converted into a change of modulation frequency by using the 
iron-cored coil as the inductance in the tuned circuit of an audio-frequency 
oscillator. Very little mechanical work is done by the meteorological in¬ 
struments when operated in this manner, and consequently a great advan¬ 
tage is obtained over instruments employing linkage systems. The output 
from the two oscillators, the frequencies of which are controlled by the 
barometer and thermometer units respectively, is used to modulate the 
radio transmitter. By the use of correct circuit values, it can be arranged 
that the modulating system imposes no load on the audio-frequency 
oscillators, and thus the modulation frequencies can be made to depend 
only on the meteorological instruments. 

A conventional system is employed for the generation of the radio- 
frequenoy energy, the aerial being connected directly to the oscillatory 
circuit. The two audio-frequency oscillators, modulator and radio-frequency 
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oscillator are all energiased by primary batteries situated in the base of the 
apparatus. 

Any standard radio receiver may be used for the reception of the modu¬ 
lated signal, and the two audio frequencies produced in the output circuit 
may be measured by calibrated oscillators. This procedure enables a 
continuous measurement of both temperature and pressure to be made. 
Reception of the signal by two loop or spaced aerial direction finders 
situated at the extremities of a known base line enables a knowledge of the 
air velocity and direction to be obtained during the ascent of the apparatus. 


4. Arrangement of apparatus 


(a) Electrical circuit 

The radio frequency selected to give satisfactory reception with a 
minimum of atmospheric interference is 35 Mc./sec. (wave-length 8*6 m.). 
The value of this frequency is not critical, but at frequencies much in excess 
of this value difficulties arise due to the necessity of using a special valve 
for the radio-frequency oscillator, while at frequencies much below this 
value the aerial system becomes large. 
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Fig. 2, Schematics winding diagram. 


The electrical circuit is illustrated schematically in fig. 2. R eading from 
left to right, the frequencies of the first and second audio-frequency oscilla¬ 
tors controlled by the barometer and thermometer units respectively; 
the audio-frequency voltages generated by these oscillators are applied to 
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the modulator which in turn controls the output of the radio-frequency 
osoillator. 

It is desirable that the frequencies of the two audio-frequency oscillators 
shall be as independent as possible of changes in battery voltage. This can 
best be accomplished by the use of the special stabilizing circuit shown in 
the figure. In this circuit, connexion is made between the anode and the 
oscillation circuit by a condenser and a resistance in series. The frequency 
stability is controlled by the values of these resistances R which can be 
adjusted by trial to give a very high degree of stability. The two oscillator 
circuits are adjusted by their respective tuning condensers to cover the two 
frequency bands 700-1000 c./sec. for the barometer, and 1400-1700 c./sec. 
for the thermometer. Experience has shown that these two frequency bands 
are satisfactory for telephonic reception. 

Modulation of the radio-frequency oscillator is accomplished in the 
following manner. The primary circuit of a small audio-frequency trans¬ 
former is supplied by the modulator valve with the two audio-frequency 
currents, while the secondary winding is connected in series with the grid- 
circuit resistance of the radio-frequency oscillator. The transformer circuit 
is working almost under open-circuit conditions, a very small output voltage 
being sufficient to produce 100 % modulation. The modulator valve can be 
quite small, and the audio-frequency voltages required to give the necessary 
output is exceedingly small. The great advantage of this system is that the 
coupling condensers C required to produce the input voltage to the modu¬ 
lator are so small that no variation of audio frequency is produced by the 
load of the modulator circuit. Consequently the frequencies of the two 
oscillators controlled by the meteorological instruments are entirely 
unaffected by the presence of either the modulator or radio-frequency 
osoillator systems. 

The radio-frequency oscillator consists of a simple series-fed Hartley 
circuit coupled to a half-wave aerial. Experiments with both current-fed 
and voltage-fed aerial systems have shown that the latter are superior for 
the present purpose. The current-fed arrangement in which two quarter- 
wave-length aerials are arranged with the transmitter at the centre possesses 
the disadvantage that during ascent the lower aerial swings excessively. 
On the other hand, the voltage-fed system in which a half-wave-length aerial 
is coupled to the oscillation circuit has the advantage that the aerial remains 
practically straight during ascent and consequently the frequency stability 
is of a high order. Reduction of aerial swinging is a matter of prime im¬ 
portance, particularly for direction-finding purposes, since errors in the 
determination of the bearing are intimately associated with the angular 
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displacement of the aerial from the vertical position, Further reduction 
of the angle of swing can be obtained by inserting a considerable length 
of cord between the balloon and the transmitter. 

Current is supplied to the transmitter by dry batteries housed in an 
aluminium container. Although the weight for a given capacity is about 
double that of secondary batteries, the advantages of dry batteries are 
considerable. In the first place, the shelf life is at least 3 months, and 
consequently the transmitters can be equipped with their batteries many 
weeks before use. In the second place, the reliability of operation is superior 
to that obtained with very small secondary batteries; and thirdly, no acid 
is spilt during transport and consequently no damage can be done to the 
components in the transmitter. The battery is arranged to be near the 
valves so that the heat produced in these may assist in preventing freezing 
of the electrolyte. Experience shows that the heat produced by the battery 
action together with that developed by the valves is sufficient to prevent 
freezing for a considerable time period. Although thermal lagging was not 
utilized, no case has arisen where a transmission lias failed through freezing 
of the battery. Several ascents to heights of 15 k. have been made, and the 
signal has been received continuously throughout the ascent and descent. 
The current at the centre of the aerial is about 50 mA, and this current is 
maintained nearly constant for a period of about 120 min. 

(6) Barometer unit 

The simplest means of converting pressure variation into change of 
modulation frequency without the use of moving parts consists of a variable 
inductance coil arranged in an audio-frequency oscillator so that change of 
inductance varies the frequency. The barometer unit consists of an evacu¬ 
ated aneroid box and a small iron-cored coil arranged so that contraction 
of the box increases the air gap in the magnetic circuit. Experiments have 
shown that the most satisfactory performance is obtained with an aneroid 
box in which the expanding element consists of a thin-walled seamless 
bellows made of phosphor-bronze. Such bellows are now used commercially 
in thermostatic-control apparatus and packless glands. By choosing an 
appropriate thickness of metal and evacuating the bellows, it has been found 
that good sensitivity can be obtained and that the performance with 
repeated pressure cycles approximates very nearly to true elastic behaviour. 

The general arrangement of the unit is illustrated in fig, 3 . The bellows 1 
are soldered to a brass bottom plate 2 and are sealed with a brass top plate 
3 which has a small thin strip of “Stalloy” iron sweated to its surface. 
A thin metal tube 4 is fitted to the bottom plate for connexion to an exhaust- 
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ing pump, this tube being sealed off on completion of evacuation. The 
laminated iron-cored coil 5 is mounted above the top plate of the bellows 
by means of brass bracket 6. The thickness of the metal and diameter of 
the bellows has been selected to give a 
movement of about one-tenth of an inch 
for a pressure change of 1000 mb. This 
movement gives rise to a frequency change 
of about 250 c. ,/sec. 

The unit is provided with a three-pin base 
7 to facilitate removal from the transmitter 
during calibration. The weight of the com¬ 
plete unit is 105 g., and the instrument is 
extremely robust. Several units have been 
transferred from transmitters that have 

been returned after flight to transmitters ®- 

under construction and in every case the 
performance was satisfactory, while the cali¬ 
bration was not altered appreciably by the 
shocks encountered on landing. 

A typical calibration curve is shown in 
fig. 4. Since the frequency can be measured 
to an accuracy of half a cycle per second, 
the possible observational error in the de¬ 
termination of pressure is 8 mb. in the neighbourhood of atmospheric pres¬ 
sure, while at pressures of about 200 mb., the possible error is less than 
1 mb. Hysteresis effects are quite small; at a pressure of 500 mb. the 
difference in pressure between ascending and descending readings is 
15 mb., while the return frequency for atmospheric pressure is exactly 
the same as the starting value. Experience has shown that hysteresis 
and “ ageing * effects can be reduced appreciably by the application to 
the bellows of successive pressure cycles before assembly. If the unit is 
calibrated just prior to a flight, “ageing” effects would be of negligible 
importance. 

A complete examination of the effect of temperature on the calibration 
of the unit has not yet been made, but indirect evidence suggests that errors 
in the determination of pressure due to temperature change are likely to 
be very small. Tests on a punctured barometer unit have shown that the 
contraction of the bellows due to temperature change produces a negligible 
frequency variation, while the change of elastic modulus of the metal with 
temperature is inappreciable. Care has been taken in the disposition of the 
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Fig. 3. Assembly of barometer 
unit. 
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unit in the transmitter assembly to ensure that the full external temperature 
change is not applied to the bellows. 



Fig. 4. Typical barometer calibration. 

(c) Thermometer unit 

The most important practical difficulty in the production of a satisfactory 
thermometer unit is the avoidanoe of time lag between the actual tem¬ 
perature change and the observation of this change. At a rate of ascent of 
4 m./sec., the temperature is changing at about 2 ° C./min. Accordingly, for 
an accurate observation of temperature, the thermal capacity of the instru¬ 
ment must be very small; many instruments used at present are deficient 
in this respect. 

Tests on bimetallic elements have revealed the difficulty of producing 
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strips of sufficient rigidity and stability which at the same time have a 
small enough thermal capacity; furthermore, it has been found that such 
strips possess appreciable mechanical hysteresis. 

The most satisfactory method of converting temperature change into 
variation of modulation frequency makes use of the expansion of a fine 
wire in conjunction with an iron-cored inductance whose air gap iB con¬ 
trolled by the length of the wire. A good sensitivity can be obtained by 
adopting the system of mounting commonly used in hot-wire ammeters, 
and the thermal lag of a fine wire is very small. 



The general arrangement of the unit is illustrated in fig. 5 . A brass wire 1 
of No. 38 gauge is stretohed on an invar frame 2 and is kept under slight 
tension by an invar spring 3 supporting a moving “Stalloy” iron plate 4 . 
Movement of this plate varies the air gap of an iron-cored coil 5 , so changing 
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its inductance. The initial sag of the wire is adjusted at atmospheric tem¬ 
perature so that the wire becomes taut at - 80 ° C., an adjusting screw 6 
being provided for this purpose. After adjustment of the initial Bag, the wire 
is soldered at both ends, great care being taken not to overheat the wire. 
The movement of the iron plate over the range + 20 to — 80 ° C. is about 
one-tenth of an inch; this movement gives rise to a frequency change of 
about 200 c./sec. 



The oomplete assembly is shielded from direct solar radiation by a detach¬ 
able cylindrical aluminium shield 7 and the unit is fitted with a three-pin 
plug 8 so that it may be removed from the transmitter for calibration. 
A small celluloid cover is provided to shield the moving plate from air 
currents during ascent. The weight of the unit complete with shield is 170 g. 
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A typical thermometer calibration is shown in fig. 6, from which it is 
seen that over the temperature range -4- 20 to — 80° C. the corresponding 
frequency change is 220 c./sec. Since the accuracy of measurement is half 
a cycle per second, the temperature can be measured to an accuracy of 
about 0-1° C. in the neighbourhood of +20°C. and about 0*6° C. in the 
neighbourhood of - 80° C. 

No definite evidence of hysteresis has been observed. The effect on the 
calibration of successive repetitions of a large thermal excursion has not 
yet been made, but frequent measurements taken over a period of 7 days 
within the temperature range 18-40° C. have shown that the calibration 
can be relied on to an accuracy of about ± 0*5° C. 

(d) Assembly of transmitter 

The general arrangement of the transmitter, battery, barometer and 
thermometer units, protection covers, and aerial, is shown in fig. 7. The 




SCALE 

Fta. 7. Assembly of transmitter. 
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circuit components are all mounted on one side of a circular sheet of bakelite 
1, the grade of which has been selected to give good electrical properties at 
radio frequencies and at the same time reasonable mechanical strength. 
The barometer unit 2 is mounted on the top side of the panel, a hole being 
out below the instrument to permit the warm rising air from the valves to 
reduce temperature changes. The thermometer unit 3 is also mounted by 
means of a bracket on the same panel, so that the complete tr ansmi tter 
including instruments can be assembled and tested as a unit. 



Fiq. 8. Assembly of balloon, paraohute and transmitter. 

The aluminium protecting covers comprise a battery container and a 
transmitter cover, the two being hinged at one point; the bakelite panel 
supporting the transmitter components is held between the two flanges 
as shown in fig. 7. The 86 V H.T. battery 4 is tied down to the bottom of the 
lower can, and three leads are connected to a plug for in«Ai 4 .j An ^ sooket 
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completing the supply circuit to the transmitter. The oopper-oord aerial 5 
is 4 m, long and is connected by a waterproof plug 6; another plug 7 closes 
the filament circuit and so energizes the transmitter at the same time as the 
aerial is connected; this double plug is inserted just before the launch. 


(e) Balloon and parachute 

The rubber balloon is inflated until it is just buoyant when loaded with 
a weight of 2*89 kg, and its diameter is then about 4 ft.; this degree of in¬ 
flation requires about 120 cu. ft. of hydrogen and gives a free lift of 500 g. 
and a rate of ascent of between 3 and 4 m./sec. 

The parachute necessary to ensure a safe descent of the apparatus at) a 
rate about equal to that of ascent consists of a sheet of cotton fabric 6 ft. 
square tied to the balloon at its centre and fitted with four strings tied 
between the corners and a wooden hoop; this hoop keeps open the folds of 
the cloth during ascent. 

The assembly of the balloon, parachute, aerial and transmitter is shown 
in fig. 8. For direction-finding purposes, swinging of the apparatus leads to 
errors in the determination of the bearing, and consequently a length of 
about 30 ft. of string is sometimes inserted between the parachute and the 
aerial to lengthen the system and so reduce angular swing. 

The launching of the apparatus presents no difficulties except in a strong 
wind. In such circumstances, launching from an elevated point is advisable, 
or alternatively a 20 ft. length of string attached to the transmitter may be 
payed out before release. The following table summarizes the weight of the 
components of the transmitter: 


Circuit components and panel 

g- 

. 355 

Barometer unit . 

. 105 

Thermometer unit with solar shield ... 170 

Valves . 

. 175 

Battery . 

. 935 

Aluminium container 

. 230 

Aerial, insulators, plugs, etc. 

. 70 

Parachute. 

. 350 


Total weight 2390 


The weight of the transmitter alone is 2040 g., and it will be noted that the 
battery accounts for nearly half this weight; this proportion cannot be 
reduced appreciably without sacrificing the advantages outlined on p. 234 
for the particular dry battery employed. 
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5. Method of reception 

I 

Satisfactory reception of the signals emitted from the transmitter can be 
obtained with any sensitive short-wave receiver. Since a fixed radio 
frequency is used, the tuning range need only be sufficient to cover small 
frequency differences between individual transmitters incidental to con¬ 
structional variations. Experience has shown that if automatic volume 
control is employed, the telephone output varies very little from the launch 
of the apparatus to the cessation of the signal when the balloon is possibly 
100 miles away. Furthermore, the frequency stability of the transmitter 
is so high that normally no retuning is necessary during the ascent or 
descent. 

The two modulation frequencies are measured by the utilization of two 
audio-frequency oscillators, the output from which can be inserted in series 
with the receiver telephones. The frequencies of the measuring oscillators 
are adjusted by the zero beat method to synchronize in turn with the in¬ 
coming modulation frequencies. The two oscillators are arranged to cover 
the frequency ranges 700-1000 and 1400-1700 c./sec. The frequency varia¬ 
tion is obtained by varying the air gap of a small inductance coil by means 
of a cam mechanism operated by a slow-motion drive. The scale attached 
to this drive has a discrimination of less than 0-25 c./sec., and the calibration 
of these oscillators remains constant with reasonable precision. 

As indicated above, the measurement of audio frequency is made by 
adjusting the amplitude of the oscillator signal to give beats with the 
telephone signal and then, when the beat frequency is zero, to read the 
corresponding frequency on the scale. An accuracy of half a cycle per second 
is readily obtained by this method, and a little practice is sufficient to 
enable an operator to obtain reliable results. The rapidity with which 
observations can be taken is dependent on the skill of the operator. There is 
no difficulty in taking readings of both pressure and temperature every 
half minute, and it is possible that four sets of readings a minute could be 
obtained if required. The value of an automatic recording arrangement is 
of course very considerable, and the construction of such an apparatus is 
now well advanced. 


6. Calibration of barometer and thermometer 

The general arrangement of the measuring and calibrating apparatus is 
illustrated schematically in fig. 9, A number of pressure elements are 
arranged in a testing chamber with an external switch or plug to connect 
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each unit in turn to the calibrating oscillator, this oscillator being an exact 
replica of the one used in the transmitter. The frequency corresponding to 
any known pressure is measured by beating the audio-frequency output 
with the signal given by the pressure-measuring oscillator. In a similar 
manner, a number of thermometer units may be arranged in a testing 
chamber with another calibrating oscillator. The fixed value of the capacit¬ 
ance used in conjunction with either unit during calibration may not be 
exactly the same as that used in the transmitter, since the manufacturing 
tolerance is not greater than 1 %. The calibration law is inappreciably 
affected, however, by small variations of capacitance, so that if one cali¬ 
brating point of temperature and pressure is obtained accurately prior to 
launch, the chamber calibration may be corrected for small capacitance 
differences. 



Fig. 9. General arrangement of measuring ami calibrating apparatus. 


For measurement of the frequencies during ascent, the output from either 
the pressure or temperature-measuring oscillator is applied in series with 
the telephone output from the radio receiver. Since the output circuits of 
the four oscillators and the receiver are all connected in series, switching is 
avoided, it being necessary only to switch on the appropriate pair of audio¬ 
frequency sources to obtain a frequency measurement of the unit either 
when undergoing calibration or during an ascent. 

One considerable advantage of this method is that a number of units may 
be calibrated simultaneously and the pressure and temperature units may 
then be plugged into the transmitter, the two starting frequencies being 
sufficient to enable the true calibration to be determined. 
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7. Reliability of performance and accuracy of 

PRESSURE, TEMPERATURE AND ALTITUDE DETERMINATION 

Data obtained from a number of ascents are given in Table I. Some of 
the transmitters were used purely for direction-finding purposes and 
consequently were not equipped with meteorological instruments, while 
others fitted with barometers only were used in the development of the 
pressure-measuring apparatus. Measurements on transmitters working at 
radio frequencies of 7 and 35 Me./sec. (wave-lengths 43 and 8*0 in.) are 
included, since these alternative frequencies were sometimes employed in 
the original experiments. 

It is seen that in no single case has a failure of a transmitter been observed 
during ascent due to the circuit or the valves. The valve damage produced 
by the crashing of the apparatus is, in fact, almost negligible; certainly not 
more than 5 % of the valves have suffered the slightest damage and so far 
no instance of a broken filament has occurred. 

No case has yet arisen where the signal was too weak to be observed due 
to the distance of the transmitter from the receiver. In one case the distance 
was 170 km. and perfect reception was maintained, from which fact it is 
certain that the aerial current and receiver sensitivity are adequate for 
reception up to distances considerably in excess of those observed in the 
experimental ascents. In the great majority of oases, the signal ceased only 
when the transmitter was nearing the earth due to ground attenuation. In 
those cases where battery failure may have occurred, the batteries had been 
in stock for nearly three months before being used; with new batteries there 
is no danger of failure due to freezing at high altitudes. The average duration 
of an ascent and descent is between 60 and 100 min., and in many flights 
the signal was received continuously from the moment of launching to the 
time of landing; in one case the signal was received 150 min. after the launch 
of the apparatus. Therefore it appears that the capacity of the battery is 
sufficient for satisfactory reception over such long time periods. 

The height normally attained by the instrument is about 10 km., while 
the maximum height so far recorded is 14 km. The rather scanty information 
available for determining the rate of ascent and descent suggests that the 
former lies between 2 and 4*5 m./sec., while the latter lies between 2*5 and 
6 m./sec.; the parachute used at present appears therefore to be adequate to 
ensure a landing without appreciable damage. The condition in which most 
of the sets are returned is such that they are frequently used several times. 
Although the weight of the apparatus is rather high, a satisfactory altitude 
is obtained, and although every effort; will be made in future development 



Table I. Data obtained from experimental ascents 
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work to reduce weight, there appears to be no reason why the present 
reliability of operation should be sacrificed by appreciable reduction of 
weight. If ascents to greater altitudes are required, it would bo expedient 
to employ a slightly larger balloon, since the extra cost entailed would be 
far less than that necessary to produce special light-weight batteries and 
circuit components. 

The accuracy of measurement of both temperature and pressure during 
flight would be the same as the calibration accuracy of the separate meteoro¬ 
logical instruments if the conditions of oscillation could be maintained 
constant. This can never be realized in practice, since the modulation fre¬ 
quency is dependent to a slight extent on the battery voltages and also on 
the stability of the circuit components when subjected to a fall of tem¬ 
perature. 

The most important single factor in this respect is the variation of 
capacitance of the fixed tuning condensers in the audio-frequency oscillator 
circuits. The temperature coefficient of capacitance of these condensers is 
about 50 parts in 1 million per 0 C., and the temperature change experienced 
by these condensers during an ascent to an altitude of 10 km. is about 
30° C, The frequency change produced by variation of capacitance with 
temperature is consequently about 0*7 parts in 1000, which corresponds to 
actual changes of about 0*6 and 1*0 c./sec. for the barometer and thermo¬ 
meter units respectively. Reference to the calibration of these two units 
shows that the possible error in the measurement of low pressures and 
temperatures is about 1 mb. and 1°C. respectively. A secondary cause of 
frequency variation with temperature is the change of inductance of the 
iron-cored coils. Experiments have shown that this change is negligible. 

The drop in high-tension and low-tension battery voltages over a period 
of 60 min, is about 1 £ and 10 % respectively, but these variations do not 
produce frequency changes greater than 0*5 c./sec. due to the special 
stabilized circuit employed. 

The cumulative effect of the various errors which may arise, together 
with the variation of instrumental sensitivity over the working range, 
produces an overall accuracy of measurement which varies with altitude. 
The accuracy at present obtainable at different altitudes is shown in Table II. 

8. Typical results obtained from observation 

The particular record of pressure, temperature and altitude shown in 
fig. 10 may be taken as representative of other ascents. In this case the 
isothermal region was reached, the lowest temperature recorded being 
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Table II. Accuracy of pressure, altitude 

AND TEMPERATURE DETERMINATION 


Height 

km. 

2 

4 

6 

8 

10 


Accuracy of 

Accuracy of 

Accuracy of 

pressure 

altitude 

temperature 

determination 

determination 

determination 

mb. 

m. 

°C. 

7 

60 

0*5 

5 

65 

0*5 

4 

55 

0*5 

4 

60 

0*9 

3 

65 

1*5 



Fig. 10, Typical flight record. 
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about - 60° C. The altitude has been calculated by graphical means from 
the formula 

T 

h “ 18400 273 (l°gioPo-l°g 10 P)» 

where T = mean absolute temperature of air column, h — height in metres, 
p Q « pressure at bottom of column in mm. of mercury, p = pressure at top 
of column in mm. of mercury. 



Fig. 11 . Test on transmitter and Dines recorder. 

In a second test, a Dines recording meteorograph was attached below 
the radio-sounding transmitter. The result of this test is shown in fig. 11, 
from which it is seen that good agreement was obtained between the two 
instruments up to a height of 10 km. 
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It may be concluded from other experimental ascents that considerable 
reliance can be placed on the determinations of both pressure and tem¬ 
perature given by the radio-sounding transmitter and that the modulated 
radio-frequency scheme described in this paper is a cheap and reliable 
means of exploring the atmosphere. The consistent reliability of operation 
obtained with the transmitters so far constructed is in fact extremely 
satisfactory and gives encouragement to the further development of the 
apparatus. 
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10. Summary 

Existing methods of exploring the atmosphere by radio-sounding balloons 
are reviewed briefly, and it is explained that arrangements involving varia¬ 
tion of radio frequency are not likely to be satisfactory due to the wide 
frequency band required and the possibility of appreciable interference. 
Furthermore, methods involving signalling codes are complex and expensive, 
and the delineation of the signals at the receiver presents considerable 
difficulty. 

The essential features of an original method of exploration are described; 
in this method a signal of fixed radio frequency is employed and each 
meteorological instrument produces a continuous variation of modulation 
frequency. Calibration of the meteorological parameters in terms of fre¬ 
quency can be made independently of the radio transmitter, and measure¬ 
ment of these audio frequencies at the receiver is comparatively easy. 
The pressure- and temperature-measuring instruments are both arranged 
to produce variation of modulation frequency without the use of mechanical 
linkages. The cost of the apparatus is comparatively low, and reproduction 
in large quantities is possible. 

The results obtained from a number of experimental ascents are analysed 
and it is shown that a high degree of reliability and accuracy is obtainable. 
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Using the present balloon, observation of both pressure and temperature 
up to an altitude of about 10 km* is obtained, the accuracy of the pressure 
and temperature determinations being about 5 mb. and 1 ° C. respectively. 
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On the stability of a viscous liquid between 
rotating coaxial cylinders 

By J. L. Syngb 

(Communicated by S. Goldstein, F.R.S.—Received 5 May 1938) 

1 . From the fullness of G. I. Taylor’s theoretical discussion ( 1923 ) of the 
stability of a viscous liquid contained between rotating coaxial cylinders 
and the remarkable experimental confirmation of his results by himself 
and by Lewis ( 1927 ), it might be thought that the problem has been dealt 
with completely. However, it must be borne in mind that Taylor’s results 
depend on the solution of an infinite determinantal equation, which presents 
a problem insoluble from a practical standpoint except when simplifications 
arise in a limiting case. Taylor’s deductions deal only with the case when 
the distance between the cylinders is small in comparison with the radius 
of either, and even then the calculations are formidable. General results 
concerning stability, obtained without heavy calculations and not limited 
by any approximation, appear worthy of attention. The present paper 
contains one such result, namely, the proof of stability if 

w 2 rf>aqr?, (M) 

where <o v r l ~ angular velocity and radius of the inner cylinder, 

< 0 %, r 2 = angular velocity and radius of the outer cylinder, 

(i) x being (without loss of generality) assumed to be positive. Stability under 
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the condition ( 1 * 1 ) was established by Taylor for the limiting case he con¬ 
sidered, and has been confirmed by the experiments mentioned. 

With regard to the disturbance, Taylor assumed 

(i) independence of the azimuthal angle <j >, 

(ii) spatial periodicity in the direction of the generators of the cylinders: 

these assumptions are also made in the present paper. 

The condition ( 1 * 1 ) (or, more precisely, that the circulation should increase 
steadily outwards) was given by Rayleigh ( 1916 ) as the condition for stability 
of an inviscid rotating liquid: his argument, based on a minimum of energy, 
was perhaps not convincing, but the same condition (as a necessary condition 
for stability of an inviscid liquid between rotating coaxial cylinders) was 
established by Synge ( 1933 ), by the method of characteristic values, with 
generalization to the case of a heterogeneous liquid. 

2 . We shall here formulate the characteristic-value problem in a form 
simpler than Taylors. Let r, <p, z be cylindrical co-ordinates, the cylinders 
being r — r 1 and r = r 2 (r 2 >r 1 ). Let u, v 9 w be the components of velocity 
along the parametric lines of r,<p,z respectively. Let the body force possess 
a potential 77 independent of $4. Then, for any motion possessing rotational 
symmetry, in the sense that velocity and pressure are independent of 
the equations of motion of a viscous liquid are* 


Du v 2 

7)1 


Dv uv 
Dt + r 


-7 — IK) + , K$' 
- -(*>- ’.)■ 

-IK) 


Dw 

7It 


+ vAw, 


( 2 * 1 ) 


where p and p are pressure and density, v the kinematical viscosity, and 
DjDt , A the operators 

7) 0 0.0', 


Dt~ St + U dr + W dz’ 

. a* 1 a a 2 

dr* r dr + dz* J 


( 2 - 2 ) 


We have also the equation of continuity, 

13 dw 


(2-3) 


•Cf. A. S. Ramsey 1935 , p. 372. 
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Hence there exists a function ijr(r, z, t) such that 

1 a, ,, 1a, M 

u = - Vfz (rt), ™= rTr {rf). 

Elimination of IJ+p/p from ( 2 * 1 ) gives two equations for ^ and ?\ 


where O is the operator 




1 _ a* la 3 a i 

& ~ A ~ r* “ dr* + r dr + dz* “ r 2 ' 

3. If Wj, a > 2 (<y, > 0 ) are the angular velocities of the cylinders 
which the liquid is contained, we have the familiar steady motion 


between 


u » w — 0 , 


rl-rf 


?; = Ar + B/r , 

r 2 r 2 (o; 2 -Wj) 


We note that for this steady motion the y/ of ( 2 - 4 J is zero. 

To discuss a small disturbance of this steady motion, we put 

. B 

v = Ar + - +«, 
r 

and treat 7 and \Jr as small. Thus we obtain from ( 2 * 5 ) 




with boundary conditions 

a. M df 

* a; 


7 = 0 for r — r 1 and r = r 2 . 


Let us introduce the dimensionless quantities 

r = W/rf, £ = r/r 1( £ = z/r 1( 

a = r a /rj >1, /# = (o a /o) v R = w^l/v, 

a */?-1 . <x\ti- 1 ) 
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On the stability of a viscous liquid 

We may call a, /?, R respectively the geometrical ratio y the kinematical ratio 
and the Reynolds number of the steady motion (3- 1 ). Substitution from (3*5) 
in (3*3) gives 

!• ■ {3 - 6) 
0 * 1 _0 0 * _ 1 
0l 2 + l0| + 0^ p’J 

The range of £ is 1 < £ < a. 

Introducing now periodicity in the 2 -direction and an exponential time 
factor in the usual way, we put 

ir « 7] = i//(£)e trr+a C, (3*7) 

where <r, A are constants, A being real. 

Substitution in (3*6) gives the two ordinary differential equations 

— A 2 )/ - - 2 AR(a + 6 /p) g 9 

(L-A*~<r)g = - 2 AIto/, 
rf 2 

L ~d? + idl £*’ 

with the boundary conditions 

/ = d//d£ =( 7=0 for £ — 1 and £ ~ a. (3*9) 

The system (3*8), (3*9) contains the characteristic-value problem, this 
system being consistent only when the constants <r, A, a, j8 , I? satisfy a 
characteristic equation. We have here a formulation of the problem equiva¬ 
lent to, but rather simpler than, that of Taylor. Instead of proceeding in 
the manner of Taylor to obtain an infinite determinantal characteristic 
equation, we seek a sufficient condition under which the real part of cr is 
negative, such condition implying stability. 

4. We shall now use accents to denote derivations of/and g with respect 
to £: complex conjugates will be denoted by superimposed bars. 

Let us multiply the first of (3*8) by £/rf£ and integrate over the range. 
Integration by parts and use of the boundary conditions leads to the 
result 

<r (J{ + Jl + A*tfg) + 7f + 3(/f - /§) + 2A a (t/f Hh J J) + A'JSTg 

+ (4-1) 
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where we have denoted certain positive-definite integrals as follows: 


II = J‘ if"!" dg, II = [“ g x f']' di, j\ = J“ iff dg, 

n =\ y * ffdg , ji = JYvM. K *= j * gffdg . i 


(4-2) 


Let us multiply the second of (3*8) by (a + 6 /£ 2 )£gtf£ and integrate over 
the range: we find, on dividing by a and changing signs, 


^‘(i +-^i99dg+j“fl+~j(gg'g’ + g^gg + A%gg)dg 
- “ J 1 i 2 dg'di = 2 AT? + 

Let us add to ( 4 - 1 ) its complex conjugate. Writing 
<r = p + iq (p,q real), 


we obtain 


(4-3) 


(4-4) 


P(J ? + + A*A'g) + 71 + 3(71 - Jl) + MW + A) + A*A1 

= -A7 ij*(a+^g(fg+fg)dg. (4-5) 
Let us add to (4*3) its complex conjugate. We note that 

j; i 2 W + 99') dg = 2 J“ f "Wrfg, (4-6) 

and obtain 

IP ( 1 + fl | 2 ) dg + (i + ™ j (&T + g-V? + A *ggg) dg 

-^j*g-*ggdg = Uif‘(a+£)g(/S+fg)dt. (4-7) 

Adding (4-5) and (4-7), we have 

pP+L + M + N = 0, (4-8) 

where P = J* + A + A a Ag +J* ( 1 + ^ Sggdg, 

L = 7 j + 8(7! - 78) + 2 A V? + ^8) + A‘A* ( 

If = J“ (i + (gg'g' + g- l gg)dg - J‘ g-*gg dg, 


(4-9) 
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If x ^ any real constant, we have 

r £-*(/' +xM) (f'+xlm d£ > o, (4-10) 

or li+xjj-VJ'+ff'M+X 2 ! !>0, (4-11) 

or, by (4-6) with/instead of g, 

n + Wi + 2ffl>0. (4-12) 

Putting y = -1, we get /?>/£, (4-13) 

and hence by (4-9) L > 0. 


5. We shall now establish the following result: 

If the motions of the. cylinders satisfy 

w 2 r|> w,rf >0, (5-1) 

(/»-: subscript 2 referring to the. outer cylinder, then the real parts of all 
characteristic values a are negative, and hence the steady motion is stable. 

In the notation of (3-5), the condition (5-1) implies 

a 2 /? - 1 > 0. 

)+**-£* 


Then 


! & , «V- 1 ) 

%£ 2 £ 2 ( a 2 / 7 - 1 ) 


£ 2 <a 2 /?- 1) 

since 1 < £ < a. Hence P > 0, W > 0. 

Also, for any real constant y, 


X), 


(5-2) 

(5-3) 

(5-4) 


or J i ( J +Jg)&ff’dZ+xj i ^+^ij(ffff'+ffff’)di 

+ X 2 f*( 1 +J^Z~ 1 </ffdZ2 0. (5-6) 

But Ji ( 1 + o| 2 ) + 0 ff ') d £ x= ff / Z^dZ ; (5-7) 

hence putting ^ — 1 in (5-6), we see that Af > 0. Thus we have 

P>0, P>0, M> 0, W>0, (5-8) 

« 

and so, by (4-8), p < 0: this establishes the result. 
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The condition (5-1) may be stated in this form: the circulations at the 
inner and outer cylinders have the same sense, and that at the outer cylinder 
is the greater. 


Summary 

The differential equations of the characteristic-value problem for the 
small disturbance of a viscous liquid contained between two rotating 
coaxial cylinders are put into convenient form. From these is deduced 
an expression for the real part of the characteristic number cr occurring in 
an exponential time factor, the expression involving integrals in which the 
integrands contain the product of a characteristic function or one of its 
derivatives by the complex conjugate. If the circulation at the outer 
cylinder is greater than that at the inner cylinder and has the same sign 
(io 2 r\ > oj y rj > 0), the signs of these integrals are known without knowledge 
of the characteristic functions, and it is found that the steady motion is 
stable under the condition stated. Unlike the work of G. I. Taylor on this 
problem, the present theory involves no approximations based on the 
thinness of the layer of liquid, but (as in Taylor’s work) the only disturbances 
considered are those which are independent of the azimuthal angle and 
periodic in the direction of the generators of the cylinders. 
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Investigations of infra-red spectra. Absorption 
of the CH l , group in the region of 3ju 

By .T. J. Fox and A. E. Martin 
{Communicated by Sir Robert Robertson—Received 11 May 1038) 

Introduction 

We have previously recorded a few observations on the CH vibrations of 
some organic compounds in the 3/4 region (Fox and Martin 1937 ), and indi¬ 
cated that while in general a CH group gave rise to a single C—H vibration 
band, and a CH g group to two such bands, in many molecules, especially 
those containing a benzene ring, the C—H units interacted in such a way as 
to give several bands, and in particular benzene itself and many mono- 
substituted benzenes gave three strong C—H bands which could be regarded 
as characteristic of the phenyl group. 

Coblentz ( 1905 ), in his extensive investigations of infra-red spectra, found 
that all compounds which contained C—H linkages had strong absorption 
in the region of 3 / 4 . The persistence of frequencies characteristic of certain 
groups throughout a wide range of compounds has also been recognized 
from Raman spectra, and this persistency has received considerable emphasis 
from the work of Wulf and others ( 1935 , 1936 )on the characteristic infra-red 
bands of OH and NH groups in the region of 1 * 5 / 4 . The bands observed were 
the first overtones of the fundamental vibrations, and it was found that the 
rest of the molecule, however complicated, had surprisingly little effect on 
the characteristics of the OH and NH bands. In a general way the explana¬ 
tion given was that each molecule contained a number of oscillating units, 
OH, CH, C~ C, all loosely coupled together, the persistence of a given 
frequency through a variety of compounds indicating the looseness of this 
coupling. 

Bonino ( 1929 ) pointed out that “aromatic" and “aliphatic" CH fre¬ 
quencies occurred more or less in the same region of the spectrum for a 
number of compounds, namely, about 3 * 4/4 for saturated aliphatic compounds 
and about 3*25/4 for benzene derivatives. These results, however, and the 
discussion thereon depend upon data from unresolved bands obtained with 
comparatively small dispersion, and also from Raman spectra. In this 
communication we present results obtained with much higher dispersion, 
so that details of individual bands now beoome clear. A large number of 

[ 257 ] 
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compounds with CH, CH 2 and CH 3 groups arranged in many different ways 
has been examined by us, but here we confine ourselves to seven compounds 
in which the CH a groups are attached to the rest of the molecule by single 
bonds. Compounds containing CH 3 and aliphatic CH groups will be con¬ 
sidered in a future communication. 

Experimental 

The apparatus used was that described previously (Fox and Martin 1937 ). 
All the substances used were specially purified and were examined in solu¬ 
tion in carbon tetrachloride, this procedure practically eliminating the 
complication of molecular rotation. Kinsey and Ellis ( 1937 ) and Borst, 
Buswell and Rodebush ( 1938 ) have found slight indications of rotational 
structure for water dissolved in CS 2 and CC1 4 . In general, however, the 
rotational structure appears to be almost entirely suppressed, and our 
results on such molecules as methane, ethane, and methyl bromide show 
practically no rotational structure. The sharpness of the bands observed in 
the 3/i region varied, but in general frequencies could be obtained accurately 
to J cm. an accuracy comparable with the best Raman results. In this 
connexion we propose in this and future work to take account of a small 
frequency error in infra-red measurements which is generally neglected. 
When a grating spectrometer is calibrated visually with a mercury line such 
as A 5460*7, this wave-length is the value in air, and so a wave-length 3 /i 
measured with the instrument is the wave-length in air. The reciprocal of this 
wave-length (cm.” 1 ) should be corrected to vacuum by dividing by the 
refractive index of air at 3//, and the value so obtained then becomes strictly 
comparable with Raman frequencies which are corrected to vacuum. The 
correction is small, but in view of the increasing accuracy of infra-red 
measurements should, in our opinion, be applied in the region here con¬ 
sidered. Values of this correction to be deducted over the wave-length range 
for which the refractive index of air is known are 

Wave-length (fi) 1 2 3 4 5 8 13 

Correction (cm.” 1 ) 2*7 1*3 0*9 0*7 0*5 0*3 0*2 

In the course of the present work absorption cells of two different lengths 
were used. The longer cell, 1 cm. in length, was made of brass tubing 
fin. internal diameter, and fluorite end-plates were cemented on with a 
trace of fish glue. A side tube fitted with a ground-in stopper was provided 
for filling the cell. The smaller cell, 1*74mm. in length, was similarly con¬ 
structed, but owing to the small bore of the filling tube a second tube was 
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provided to allow air to escape as liquid was introduced through the other 
tube* 

In assessing molecular extinction coefficients of absorption bands a cor¬ 
rection for stray light in the spectrometer was made as described in the 
earlier communication. The accuracy of the extinction coefficients varies 
greatly according to the nature of the bands. Where the band is well 
separated from others an accuracy of 1 or 2 % is attainable, but when the 
bands overlap, as in the case of the three intense benzene bands in the region 
of 3-27/4, a graphical method of separation must be employed and the 
accuracy of the measurement may be much reduced. Illustrations of the 
graphical method of band separation are shown in figs. 1 and 2 , for dioxan 
in which there are four overlapping bands, and benzyl alcohol with two 
overlapping bands. It will be noticed, particularly for benzyl alcohol, that 
the position taken as the maximum of a band may be in error unless the 
bands are separated (cf. band a). When it is desired to compare the relative 
intensities of bands which may differ somewhat in sharpness we may con¬ 
sider the total area of a band which has been plotted as molecular extinction 
coefficient k against frequency v y as a measure of the intensity of the band. 
The area of a band is, however, frequently difficult to measure because of 
overlap with other bands, and the shape of a band some distance from its 
peak is generally rather indefinite. In this connexion we may note that 
Leberknight and Ord ( 1937 ) have made measurements on the absorption 
bands of HC1 and HBr in carbon tetrachloride and other solvents, and 
found that if A denotes twice the area under the curve included between the 
two points where the extinction has half its maximum value, and/ the half¬ 
width of the band, i.e. the band width in cmr 1 at these two points, then 


--- J/r very nearly for all the bands examined. This result, however, 

jk max 

does not really give much information regarding the frequency function 

A 

which determines the shape of the absorption band, since ~r-is close to 

jK max 

IdS for the various shapes of bands shown in fig. 3. Further, if the shape of 
the extinction curve is that to be expected for damped simple harmonic 
oscillators with the damping force proportional to the velocity of motion, 
and the band width is small compared with the frequency of the oscillator, 
then the molecular extinction coefficient at frequency v is given by 

K 1 ^a(v~v j * ’ w ^ ere a k a con 8 tant. For a band of this type it is easy to 

show that the total area is equal to twice the area included between the two 
paints for which k has half its maximum value, but for the other band shapes 
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Frequency (cm.’ 1 ) 

Fig. 1 . Graphical separation of CH, absorption bands of dioxan. 



Frequency (cm.” 1 ) 

Fig. 2. Graphical separation of CH a absorption bands of benzyl alcohol. 




Ksg ^J^L^. f — qs — 

1 + a(i>-j' 0 p J <Ja 

— as area PQ/^jST = — - #c max 
2 2> 

——— = ~ = 1-571 and 
/* max 2 

_ 7T „ 

total area = -/a: max 
2 


4 

— = area PQliST = farmax (r 0 — 


//c max 


1*5 and total area = //cmax 



__*max(v -«;,)* 

/=I gs = (2-V2)( 

^ = area, PQifcST 

~~— «s 14 .^ ts 1*471 and 
jKm&x 3 

total area = 1*138/* max 


k — k max sm 


2 Vi'o-V 


J=QS=Vt-v x 


= area PQRST 


V 2 ir / 

^ _ w + 2 

/* max ;r 


/c raax(p 0 - 1 ^) 


= 1*637 and 
total area = ftc max 


Fig. 3. Hypothetical absorption curves. 


*7-3 
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shown in fig. 3 this is by no means the case. In Tables I, II and III we record 
values of tc max and f, since these quantities can be measured with fair 
accuracy. If the area of the band is required, it can be obtained from the 
relation c/k max = area, where c is a numerical factor dependent on the shape 
of the band, and as can be seen from fig. 3 may vary between 1 and \n. An 
examination of some of our own bands which happen to be well separated 
from others gives values of c close to 1*4, so that the area of any of our bands 
may be obtained approximately by evaluating the expression 1*4/* max. 

Since different compounds are examined at somewhat different molar 
concentrations, a test experiment was made in which the absorption of a 
benzene solution was measured first in the short absorption cell and then in 
the longer one, the concentration being reduced in this case in the ratio of 
the cell lengths (approximately 6:1). The curves obtained are shown in 
fig. 4, and no difference is observed in percentage absorption or in the 
positions of the absorption peaks. Small differences in concentration in 
passing from one compound to another can therefore in general be ignored, 
except when association occurs. A second experiment was made with the 
benzene solution heated to 50° C., and again no change in the results was 
found (fig. 4). This experiment shows that the small changes in room 
temperature (18-20° C.) arising in the course of the experiments when 
changing from one compound to another are of no importance, again except 
for associated substances. 


Results 

Fig. 5 shows the absorption curves obtained for the compounds benzyl 
alcohol, diphenyl methane, dibenzyl and cyclohexane in which the CH 2 
group is not subject to strain. Two sets of bands will be observed, a group of 
three intense and some weaker bands in the region of 3*27//, characteristic 
of the phenyl group, and a double band about 3*4/i attributable to a CH a 
group or groups. Details of both sets of bands are given in Table I together 
with relevant details of Raman spectra. Values of the “molecular” extinc¬ 
tion coefficients per CH are given for both aromatic and aliphatic CH groups, 
a CH 2 group for this purpose being regarded as containing two CH units. 

Frequencies of the double CH 2 band do not vary much for the four com¬ 
pounds given in Table I, the mean values being 2927 and 2857 cm.- 1 (about 
3*42 and 3*50//). The band of higher frequency is not striotly single and shows 
signs of being resolved in diphenyl methane, dibenzyl and cyclohexane. 
Frequencies and extinction coefficients for these components are given in 
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Fig. 4. Absorption of benzene in carbon tetrachloride: (a) 1*74 nun. cell, 50° C, t 
(b) 1*74 mm. coll, 19° C\, and (c) 10 mm. cell, 19° C. Curves (b) and ( c ) are reduced by 
10 and 20% respectively. 
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Fig, 5. Absorption in carbon tetrachloride of substances containing CH g groups. 
Cel] length 1*74 mm. 
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Table II; in the subsequent treatment this finer structure will not be con¬ 
sidered. 

Table I. Infra-red and Raman CH frequencies in the region 




OF 

3000 cm.* 1 







Molecular 

Band 






extinction 

width,/. 




Band 

Infra-red 

coefficient 

at half 

Raman 



no. jn 

frequency 

(per CH) at 

extinction 

frequency 


Substance 

fig. 5 

(cm.' 1 ) 

band max 

(cm." 1 ) 

(cm," 1 ) 

Intensity 

Benzyl 

r 1 

3111 

0-73 

14*0 



alcohol 

2 

3087 

3-3 

16*2 




3 

3067 

3* 8 

13*3 

3050 

3 


4 

3032 

6*8 

23*0 




5 

3000 

0*29 

7*6 




6 

2937 

9*5 

55*0 




7 

2874 

16*9 

38 3 



Diphenyl 

1 

3107 

0-68 

15*6 



methane 

2 

3086 

4*0 

13*5 




3 

3064 

4*8 

14*5 

3054 

4 


4 

3029 

9*8 

15*4 




5 

3002 

0*45 

6*0 




6 and 7 

29J2 

14*0 

— 

2909 

1 


8 

2844 

7*2 

21*6 

2855 

0 


9 

2785 

— 

— 



Dibenzyl 

1 

3108 

0*47 

14 3 




2 

3085 

4*0 

16*0 




3 

3063 

5*2 

13*0 

3052 

4 


4 

3028 

10*5 

15*5 




5 

3003 

0*59 

11*9 




6 an d 7 

2933 

14*9 

— 

2928 

1 


8 

2837 

11*2 

14*9 




9 

2793 

— 

— 



Cycloliexano 





2937 

6 


1 

2927 

47*4 

21*0 

2921 

6 






2898 

2 






2887 

2 


3 

2851 

22*9 

13*1 

2853 

10 


4 

2793 

— 

— 




CH, frequencies ere given in italic type. 

The Raman data are due to the following authors; benzyl alcohol, Kohlrausch 
(1931); diphenyl methane, Dadieu, Pongratz and Kohlrausch (1931), Crigler (1932)1 
and Donzelot and Cliaix (1935), (moan values); dibenzyl, Dadieu, Pongratz and Kohl¬ 
rausch (1931); cyclohexane, Kohlrausch and Stockmair (1936), and Ananthakrishnan 
(1936), (mean values). 
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Table II. Structure of CH g infra-red band near 2920 cm.- 1 





Molecular 





extinction 

Band width, 



Frequency of 

coefficient 

/, at half 


Band no. 

component 

(per CH) at 

extinction 

Substance 

in fig. 5 

(cm. -1 ) 

band max 

(cm." 1 ) 

Diphenyl methane 

/« 

2919 

7*9 

42*0 


\7 

2906 

7*9 

29*8 

Dibenzyl 

/ 6 

2942 

10*4 

22*3 


\7 

2926 

11*2 

27*7 

Cyclohexane 

f 1 

2927 

47*4 

21*0 


12 

2904 

7*0 

14*2 

FLUORENE 

ACENAPHTHENE 

IHOXAN 




Wave-length (ft) 

Fig. 6. Absorption in carbon tetrachloride of substances containing CH # groups. 
Cell length 1*74 mm. 

Fig. 6 shows the absorption curves obtained for fluorene, acenaphthene 
and dioxan, where the CH a groups are attached to the rest of the molecule 
in a somewhat different manner from the other four compounds shown in 
fig. 5. Aromatic bands in the 3*27// region are still obtained for fluorene and 
aoenajihthene, but the structure is now not so well defined as in compounds 
containing phenyl groups. Also the CH 2 bands are considerably different, 
especially for dioxan for which we find four intense bands instead of two as 
before. Acenaphthene has CH a bands intermediate between those for 
dioxan and the bands shown in fig. 5, for besides the usual pair of strong 
bands, two weaker ones are also clearly indicated. Fluorene has only two 
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bands for the CH 2 group but they are greatly altered as regards position and 
intensity from the normal values in Table I. The details of the various bands 
are given in Table III together with available Raman data. 

From Tables I and III it will be seen that the Raman lines are fewer than 
the infra-red frequencies, but in most cases for each Raman line th^re is a 
corresponding infra-red band within a few cm.” 1 . Generally, in complicated 
molecules many of the frequencies are likely to be active in both Raman and 
infra-red. Since, however, highly symmetrical modes of vibration are few, 
many of the Raman lines may be too weak for recognition. 


Table III. Infra-red and Raman CH frequencies in the region 

of 3000 CM .™ 1 






Molecular 

Band 







extinction 

width,/, 






Infra-red 

coefficient 

at half 

Raman 



Band no. 

frequency 

(per CH) at 

extinction 

frequency 

In¬ 

Substance 

in 

flg. 6 

(om. -1 ) 

band max 

(cm.” 1 ) 

(cm.- 1 ) 

tensity 

Fluorene 


1 

3095 

1-3 

10*9 





2 

3068 

6*2 

16*0 

3064 

i 



3 

3043 

41 

26*6 

3049 

2 



4 

3019 

3-9 

19*7 





5 

2901 

11-5 

32*3 

2909 

1 







2840 

i 



6 

2795 

2*7 

24*5 


Acenaphthone 


1 

3105 

0*52 

13*9 





2 

3048 

ca. 11 

45*6 

3058 

2 



3 

2932 

ca, 16 

41*3 

2924 

2 



4 

2887 

2*9 

11*0 





5 

2875 

2*2 

13*6 





.6 

2839 

7*2 

11-3 



Dioxan 


r 




3040 

0 



1 

2963 

20*6 

21*7 

2965 

9 



2 

2913 

11-5 

14*6 





3 

2888 

10*1 

12*9 

2892 

4 



4 

2854 

25*0 

17-1 

2854 

8 


i 

6 

2746 

— 

— 

2720 

3 


CH, frequencies are given in italic type. 

The Raman data are due to the following authors: fluorene and acenaphthone, 
Manzoni Ansidoi ( 1937 ); dioxan, Kohlrausoh and Stockmair ( 1936 ), and Simon and 
Fehthr (1936), (mean values). 


Variation of CH frequency (3000 cm.” 1 ) in pure liquid, solution and gas. 
Dioxan in the liquid and vapour states has recently been investigated in 
the infra-red by McKinney, Leberknight and Warner ( 1937 ) And their 
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figures are given in Table IV together with those obtained in the present 
work for comparison. Similar figures are given for benzene, the results for 
liquid and vapour being due to Leberknight (1933) and for carbon tetra¬ 
chloride solution, Fox and Martin (1937). For interest a few Raman fre¬ 
quencies taken from collected data by Glockler and Renfrew (1938) for liquid 
and gaseous ethylene are included. It will be seen that the solution fre¬ 
quencies are in no case more than 3 cm.” 1 away from the liquid values, but 
are lower than the vapour frequencies by 10 cm. -1 or so. The Raman data 
for ethylene show about the same difference. We propose to add 6 cm.” 1 to our 
measured frequencies in the region of 3000 cm." 1 whenever we desire to 
compare accurately our measurements with gas data and also for calculation 
of accurate force constants. 

Table IV. Frequencies about 3000 cm. 1 for dioxan, benzene 



AND ETHYLENE IN VARIOUS 

STATES 



CC1 4 

Difference 


Difference 

Vapour 

solution 

from vapour 

Liquid 

from vapour 



Dioxan—infra -red 



2862 

2864 

— 8 

2854 

-8 

2897 

2888 

-9 

2890 

-7 

2920 

2913 

— 7 

2916 

-4 

2969 

2963 

— 6 

2960 

— 9 



Mean —7*5 


-7 



Benzene—infra-red 



3099 

3093 

- 6 

3090 

- 9 

3073 

3073 

0 

3070 

- 3 

3046 

3035 

-10 

3032 

-13 



Mean — 5 


- 8 



Ethylene—Raman 

Difference 



Gas 

3272 

Liquid 

3264 

from gas 
- 8 



3240 

3231 

- 9 



3080( ?) 
3019 

3076 

3008 

V 

-11 



2880 

2871 

- 9 



Mean — 9 


Discussion 


Vibrations of an isolated CH 2 group. When we consider such a CH t group 
we may regard it as possessing three inodes of vibration depicted in fig. 7 . 
p, and v t may be taken as essentially CH valency vibrations, out of and in 
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phase, and will be close to 3000 cm.-* 1 , the value associated with such 
vibrations, while is a deformation frequency about 1400 cm.“ 1 , i.e. outside 
the region of the spectrum in which we are at present interested. The 
CH 2 group can still retain these frequencies when joined to other groups, 
although in some cases interaction with similar frequencies arising from 
other parts of the molecule or with harmonics of lower frequencies may 
modify or increase the number of bands observed. 



CH 2 absorption in compounds shown in figs. 5 and 6 . Our results for 
benzyl alcohol, diphenyl methane, dibenzyl and cyclohexane (fig. 5 ) show 
that CH 2 groups in an ordinary aliphatic straight chain or unstrained ring 
compound have two intense absorption bands approximately at 3-4 and 
3*5/4 corresponding to the in and out of phase CH vibrations shown in fig. 7 . 
When, however, the CH 2 group forms part of a strained ring, the two bands 
occur with somewhat changed frequencies so long as only one CH a group is 
present in the molecule, e.g. fluorene (fig. 6), With two CH 2 groups in ft 
slightly strained condition, acenaphthene (fig. 6), the two normal bands are 
accompanied by two weaker ones at intermediate frequencies. In dioxan, 
presumably due to the presence of the oxygen atoms, this effect becomes 
even more pronounced, four intense and well-separated bands being 
obtained. 

Vibrations of the ethylene molecule. This molecule provides an interesting 
case of two CH 2 groups coupled together, through the double bond, and we 
have found it particularly useful in this discussion, because it has been 
considered theoretically by several workers including Mecke (1932), 
Sutherland and Dennison (1935), Teller and Topley (1935), Bonner (1936), 
Manneback and Verleysen (1936, 1937), and Thompson and Linnett (1937)* 
A consideration of the methods used successfully for ethylene and other 
simple molecules enables us to consider the case of CH 2 groups in more 
complicated molecules. Ethylene has nine planar vibrations (figs. 8 and 9 ), 
seven of which are assigned as follows: 

v x v % r 3 v 9 v 7 

cmr 1 3019 1623 1342 2988 1444 3107 950 
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Fig. 8 . CH valency vibrations of ethylene. 



Fig. 9. Angular deformation vibrations of ethylene. 
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The remaining frequencies v % and have not been bo satisfactorily 
identified. 

Calculation of force constants from ethylene vibrations v t to v v Thompson 
and Linnett ( 1937 ) find that a potential function with only five constants 
is adequate to reproduce the seven accurately known frequencies. We con¬ 
sidered it advisable, however, before attempting to apply the results to more 
complex molecules, to examine the effect of introducing a further cross term 
of the type suggested by Thompson and Linnett in the potential function, 
namely, a term denoting interaction between two GH bonds of the same 
CH a group, since this type of interaction is important in many simple linear 
molecules, and if of any considerable magnitude will affect the value of the 
C—H force constant, a magnitude which we are particularly interested in. 



In fig. 10 we have retained the nomenclature of Thompson and Linnett 
for the constants of the ethylene molecule. k x and k % are the stretching 
constants of the C~ C and C—H bonds, and k 9 and k^ the deformation 
constants of the respective angles. 

Introducing two cross-terms into the potential function, 2k z A 2A Ad for 
the interaction between 6 and the bond C—C and 2k A A Xi A 2Z for the inter¬ 
action between the two CH bonds of the same CH S group, we have 

2V - k l Al^4k % Al^2k e Ae^^4k^^2k z A 2h Ad^2k A A n A tv 

For the vibrations v x to v h (figs. 8 and 9) assigned by Thompson and Linnett 
A X i=*A n , so that the term 4 k 2 A\ % in the potential funotion (used by these 
authors) now becomes 4A f a (k 2 + £k 4 ). The quantity (k t + \k A ) will be denoted 
by k 2 . For the remaining vibrations v 6 to A l2 » so that the term 
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4 k a A\ a now becomes 4df s (fc a — £* 4 ) and in this case we shall write k’ t for 
(* 2 — £* 4 ). The appropriate equations can now be written 


v\ + vl + i$ 

= k' 2 P + k 1 R + kQ-k^W 

= 

a, 

( 1 ) 


= k x k a U + k x kU k' a k8 — k a k a W jm 1 

-*'*17 = 

A 

( 2 ) 


= k^kUfa-k'^Ufa 

sat 

r. 

(3) 

vl + vl 

— k z P + kQ 

= 

a. 

(4) 


= k' 3 kS 

= 

b, 

(5) 

vg + v? 

= k z Q + k 0 P 

= 

c, 

( 6 ) 


II 

= 

d, 

(7) 

4+^ 

— k a Q~t ^ 0 (^ 2 /^ i) 4-1? + l"o P + k 0 (d 2 /d v 

IT, 


( 8 ) 


= 7" * 0 (d*/df) 4i?/m,+ *"*„£ + *;; fc 0 (d s 

s/d,) Tfa 

> 

(0) 


where P = ( 1 /to,+ 2 cos 2 |#/m 2 ), Q — (1 /m, + 2 sin 2 W/m 2 ), 

R = 2 fa, <S' = {(l/w 1 )(l/m 1 + 2 /m a )} > 

T — 8 cos \djm a , U = 2/m,w 2 , 

IF = 4 sin \0jm 2 , £ = (2 k g +kf)jd\, 

k 0 = fy/dg, and * a = jfc 3 /dE 2 . 

In these equations j>, to r 9 are not observed frequencies in cm . -1 but really 
angular velocities; they are obtained from the observed frequencies by multi¬ 
plying by the factor 2nc, c being the velocity of light; the force constants 
*„ k' s , k, k 0 , and * 2 are measured in dynes/cm. 

From equations ( 2 ) and (3) we have 

k l k' t U + k 1 kU + k.' 2 kS - k' a k' z W/m , -(k x k' % kU -= p. 

Thus k x k' a U + k' 2 kS - k' t k' t Wfa + ym,/^ = p, 

i.e. k' i (k 1 Rlm 1 — k' a W jm^ + k' a k8 + ym 1 jk' t = p. 

Also from ( 1 ) k x R-k' z W = a.-k’ t P-kQ, 

and making use of equations (4) and (5) we obtain the relation 



The constants in this equation, apart from m v are all obtained from 
observed frequencies, so that k' t can be found without requiring any know¬ 
ledge of the HCH angle, C—H distance or C=C distance in the ethylene 
molecule. k' % is found to be 4-984 x 10® dynes/cm. and we can now calculate k 
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from equation (5), and substituting for k' 2 and k in equation (4) obtain a 
relation between Fand Q\ but F-f Q * 2(llm 1 +l/m % ) y so that both F and 

Q can be found* The value of d can now be obtained since Q - 1 /wii 4 * — »- — ; 

iu 2 

it is 110 ° 23'.* This angle is somewhat different from 118° given by Penney 
( 1937 ), but it is very sensitive to small changes in the value of & a > an increase 
of 0-2 % in this constant increasing 0 by 1 *5°. JfcJ and k Q can now be calculated 
from equations ( 6 ) and (7), the values being 5*11 x 10 s and 0*508 x 10 6 dynes/ 
cm. Since A* a = k 2 + ik A and A’ a = A : 2 — \1c^ we have & a = 5*05x10® and 
k^ = —0*126 x 10 5 dynes/cm. The error in the value of 6 calculated above, 
assuming 118° to be the correct angle, would indicate an error of about 
0*05 x 10 5 in the value of k r 2 found from equations (1)~(5), and since in 
found to be only —0*06 x 10 5 , it is impossible to say whether fc 4 has real 
significance, i.e. whether there is any measurable interaction between the 
CH units of one CH a group. 

Since we may now without loss of accuracy consider k A as zero, we again 
have the seven equations (1)—(7), but as k 2 = fc a = k' 2 there are only six con¬ 
stants including 0. As already shown k 2 can be calculated from equations 
(l)-( 5 ) using only observed frequencies and a value for m v while a second 
value can be obtained from equations (4)~(7) which yield the quartic 


4 l a+c U*, at *+ 6c 7. 

4 \P+q) * + 8(P+Q) a 8* 


= 0 , 


where F+ Q — 2 (l/m i 4 l/m 2 ). The constants in this equation depend on 
observed frequencies, together with the masses m 1 and wi a . These two 
different methods of calculating A a give the values respectively 4*984 and 
5*051 x 10 6 dynes/cm. The mean value 5*02 x 10 6 is as good as we can expect 
to get from the available data. The method of calculation here displayed has 
the advantage that no dimensions or angles of the ethylene molecule are 
required, and the accuracy of the value obtained for k % is dependent solely 
on the accuracy of the observed frequencies which, it must be noted, are 
uncorrected for anharmonicity. This correction may rise to about 5 %, but 
since all the frequencies are subjeot to this error to a greater or less extent, 
force constants calculated for a given linkage in different molecules may be 
relatively accurate to about 1 %. This is indicated by agreement of the two 
values of A; a above to within nearly 1 %. It will be noted that the value of k t 
(5*02 x 10 6 ) is but little different from the value of 5*05 x 10 6 obtained when 
k A was included. 

* It is interesting to note that Pauling and Brookway ( 1937 ) gave for 0 110° ± 5°. 
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Ethylene vibrations v 9 and v 9 . Substituting for k n % and k 9 in equations ( 8 ) and 
(9), and using the dimensions of the ethylene molecule derived by Penney 
( 1937 ), the frequencies v 9 and v 9 are found to be 3119 and 1214cm.- 1 
respectively, quite close to those given by Thompson and Linnett. It can 
be seen from equations (1 )-(9) that these frequencies alone require a know¬ 
ledge of the distances d x and d % or rather their ratio d z /d v and we now proceed 
to show that the frequencies calculated above are not sensitive to the value 
taken. If we eliminate djd x between equations ( 8 ) and (9), and make use of 

( 6 ) and (7), we find v\vl » d + —(j>| + y$-c), where k z = k^ and c and d depend 

only on observed frequencies which are known fairly accurately. In this 
equation v H is very insensitive to the value of v 9 as shown below, using 
ft a *5'02x 10 6 : 

v 9 0 500 1000 1500 

r 8 3087 3092 3109 3146 

The value of 3119 already calculated thus seems to be quite a reasonable 
value, and further, the following considerations show that r 8 must be very 
nearly equal to v 9i the observed value of which is 3107 cm.” 1 . In v x and v A 
(fig. 8 ) we have the CH vibrations of each CH a group in phase (as in v 2 of 
fig. 7), but the CH 2 groups themselves are in phase for v x and out of phase for 

the coupling being provided by the large force constant k v The frequency 
difference is, however, small, about 30 cm.- 1 , and the corresponding dif¬ 
ference between v 0 and v s should He even smaller, as in this case we have the 
CH vibrations of each group out of phase (as in v x of fig. 7), while the CH 2 
groups are now coupled by means of the relatively weak force constant k 
There is an observed frequency which can reasonably be assigned to v 8 . 
Several investigators have observed a Raman line with about the right 
frequency, but only one value, 3080cm.- 1 , due to Daure ( 1929 ), has been 
given for the gas. For the liquid we have the following values: 3069 cm.- 1 , 
Bonner ( 1936 ); 3082cm.- 1 , Hemptinne, Jungers and Delfosse ( 1937 ); 
3076 cm." 1 , Glockler and Renfrew ( 1938 ). By comparison with other more 
accurately known lines (Table IV) it appears that the liquid value is likely 
to be about 10 cm ." 1 lower than for the gas, so that 3086 cm ." 1 is a probable 
value for v 8 and may be oompared with the calculated value 3119 cm ," 1 
which, however, is certainly too high, since it was calculated from the rather 
high value of 5*11 x 10 5 dynes/cm. for k H % . v 9 must also be close to the value 
calculated, since it is insensitive to possible errors in the ratio djd v For 
example, in the extreme case if d % jd x is put equal to zero in equation (9) we 
have vf vg « d % and taking v % « 3100 we find v 9 is only reduced to 952 from the 
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calculated value 1214 (vide supra). Professor Mannebaok in disousaion with 
us has put forward reasons for supposing that the weak Raman frequency 
942 cm.” 1 is to be identified with p 9 , but the foregoing calculation does not 
accord with this. Further, from equations (7) and (9) we see that 


* 


^8 





2m x + m 2 * d x \d x 


4 * cos 



and taking the values r 6 = 3107, y ? =*950, —3086cm."" 1 , #==118° and 

d 2 /d x — 0*81, we find —1216 cm.” 1 , in good agreement with the value 
previously calculated. Equations (6) and (8) also show that is greater than 
Vy (950 cm.” 1 ), since v H is smaller than p Q and p* + Pq * vf + vf + additional 
terms. We would assign the observed frequency 942 cm.” 1 to the Raman 
frequency out of the plane. 

Values for the frequencies of an isolated CH 2 group . The frequencies p x , v A , 
p 6 , and v B of ethylene are the only ones in the region of 3000 cm.” 1 , and it will 
be seen from fig. 8 that they are all essentially valency vibrations. The two 
frequencies v x and r 8 are Raman active and the other two infra-red active, 
but in general where tw o CH 2 groups are coupled in a complicated molecule 
of low symmetry all four frequencies will be infra-red active, and in fact, in 
such a molecule as acenaphthene four frequencies are observed (fig. 6), 
although it must be borne in mind that the coupling between the CH 2 
groups in this case is different from that obtaining in ethylene. 

From fig. 8 it can be seen that all four vibrations can be obtained by 
combining the frequencies p x and p 2 of fig. 7, in and out of phase. We can 
obtain the frequencies of the isolated CH 2 group from the equations 
derived for ethylene by making k v k z and k^ all zero. We then have 

v\ + + + * k 2 P + kQ, 

v\vl + v5v| + v}v| = p\p\ - k 2 kS, 
vi + vf v|-hv| =« 

v\v\p\ ~ = p%p% = 0. 


It is easy to see from fig. 9 that for this case p z , p 7 and v 9 = 0. We then have 

v?4 -v\ ® + = k % P + kQ> 

V® v| W vjvj w k % k8y 

v\ 


and 



275 


Investigations of infra-red spectra 

Clearly, r 4 » v t and v h * y 2 so that only three independent frequencies remain. 
These we will call v v v 2 and v 3 , as shown in fig. 7. Since is 0 , k in the 
equations above is to be identified with k — A * 0 of equations (l)-(9), and 
using equations (5) and (7) we have for the CH 2 group of fig. 7 

v\vl * b-d, 

and v? * Jfc 2 Q. 

Adopting the value of 5*02 x 1() 5 dynes/cm. for k 2 and taking 0 as 118° (for 
P and Q), we find 

v x = 3092, v 2 = 2983, r 3 =1055. 

Previous estimates of these frequencies have been given by Sutherland 
and Dennison ( 1935 ) and Ta-You Wu ( 1937 ). The value for v y is between 
the ethylene frequencies (3107) and (308fi) as is to be expected, since 
these vibrations consist of CH a units vibrating as in v x of fig. 7, loosely 
coupled in and out of phase. 

The valency vibrations )\ and r 2 are about 150cm.' 1 higher in frequency 
than those observed by us for CH a groups in molecules (Table I), but this is 
not surprising when we remember that the angle HOH in our compounds 
is probably close to 109° instead of 118° and that the corresponding k tf 
will be different. Another difference is that the CH a group is connected 
by single bonds to other carbon atoms or to oxygen. 

CH 2 groups in complex molecules. In the compounds here discussed, except 
dioxan and benzyl alcohol, the carbon atom of the CH 2 group is attached by 
single bonds to two other carbon atoms, all the bonds being considered as 
disposed approximately tetrahedrally. The centre of gravity of these two 
carbon atoms is at P, fig. 11 , and the planes HOH and COG are at right 
angles to each other. P is in the same plane as the CH a group, being situated 
on the bisector of the angle HCH. To a first approximation our compounds 
.can be represented by the model shown in fig. 12 , where, however, the mass 
and its distance from m 2 are not known exactly. It will be shown that 
quite big changes in these values have but little effect on the CH frequencies, 
and this justifies our procedure. A molecule of the kind depicted in fig. 12 
has five planar vibration frequencies, two of which v x and v 4 will be in the 
region of 3000 cm. Assuming for this type of molecule a potential function 

2V m + 2kiA\ % + k 9 M* + 2ktA<j>* + k z A u Ad> 


iH 


Vol. CLXVH. A. 



276 


J. J. Fox and A. E. Martin 


where k z A u A6 denotes an interaction between 6 and the linkage m % —w s , 
while the other constants are indicated in fig. 12, equations connecting the 




Fig, 12, Planar vibrations of a formaldehyde type molecule. 

frequencies of vibration with the various constants of the molecule can be 
derived. These equations have been given in a form suitable for our use by 
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Thompson and Linnett ( 1937 ), but as some omissions have been made, we 
have derived these equations independently and give them as follows: 


>'l + ^2 


=* k x A + & a B + kCjdl ~k 3 D/d 2 , 

(10) 

»»M + 

i>lvi 

+ v\v\ = k x k 2 E + k 1 kF/dl + k i kQ/dl-~k 2 k 3 l)/d 2 m 1 — 

k%FIUl 




(11) 

v\ vl ^ 


= k x k 2 kHldl~$k 2 klHldl 

(12) 

v\ + l>l 


= k 2 C + k+ Bjd\ + 2k# A/d\ + J/d x d 2y 

(13) 



~ 1*2 k^ G/d* + 2k 2 k^ F jd[ + k % k^J jd x d 2 m x> 

(14) 

where 

A = 

1 /m 2 -f 1 /w 3 , B « 1 jm x 4- 2 cos 2 \0jm 2 , 



D = 

2 sin £<9/ra 2l C = 1 jm l 4- 2 sin 2 \0jm %y 



E = 

1 jm x (1 jm 2 4- 1 /m 8 ) 4 * 2 cos 2 \djm z m 3 , 



F = 

l/mj(l/m 2 4 - 1 /m 3 ) 4 - 2 sin 2 \dlm t m 3 , 



O = 

,, 9 nl n i 2 m 2 + m 8 1 

lm\ + 2m, x m 2y + }-—7 

| J 



\m x m 2 m 3 m\m 2 m % \ 



J = 

4 cos \djm 2i and k = (2^4-A^). 



CH force constant calculated from the observed value of one of the CH valency 
vibrations , v 4 , in a formaldehyde type molecule* It will be seen from equa¬ 
tions (13) and (14) that v 4 and v 5 depend only on Jc 2 and k We shall first 
assume that k 2 has the value found for CH in ethylene, i.e. 5 x 10 B dynes/om. 
very nearly, and try various values of k$ of the order found by Thompson 
and Linnett for other compounds (0-59 x 10 ~ n for ethylene and 0*93 x 10 ~ u 
for formaldehyde). The distanoe C—H is taken to be 1*09 A (see p. 280), this 
value being close to that found for methane and ethylene. The distance d x is 
not greatly different from d % and for convenience is taken equal to it. In any 
case d x only occurs in equations (13) and (14) and these are very insensitive 
to changes in d x . The values for v A and calculated for different values of 
kf and of m 3 are given in Table V and it will be seen that for large changes in 
the values of these constants iq only varies between 3070 and 3083 cm." 1 , 
even in the extreme cases when m 3 = 0 or 00 . This frequency is however 
much higher than the value observed by us 2927 (Table I) and the explana¬ 
tion is that & 2 is less than 5 x 10 5 found for ethylene and should have a value 
close to 4*50 x 10 fi dynes/cm. This value of k 2 has been calculated from 
equations (13) and (14) assuming that y 4 = 2927, x 10~ n dyneem./ 
radian, and m z ~2m r The reduction of k % for the CH* group in the com¬ 
pounds examined, as compared with ethylene, may be due to the closer 
approach of the H atoms as 0 is reduced from 118 to 109°, but more probably 
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arises from the fact that the carbon atom of the CH a group is connected to 
the rest of the molecule by single bonds instead of the double bond of 
ethylene. It is significant that if the carbon atom is attached by a triple bond 
as in acetylene, the C—H bond constant increases to 5-88 x 10 5 dynes/cm. 
(Colby ( 1935 ) gave 5*85; recalculating we find 5*88), so that the values for 
single, double and triple bonds are in ascending order of magnitude. 

Table V. Values of v 4 and v h calculated from equations (13) and 

(14) FOR DIFFERENT VALUES OF THE FORCE CONSTANT AND THE 
MASS ATTACHED TO THE CH 2 GROUP IN THE FORMALDEHYDE-LIKE 
MOLECULE OF FIG. 12 

*6 

(cm.* 1 ) 
oo 

1478 
1438 
1396 
0 

1048 
1019 
989 

d t ~-T 109 A. 

Calculation of the CH valency vibration v v Having calculated k z from one 
of the known frequencies of the CH 2 group, we should 
be able to find the value of the other frequency and 
compare it with the measured value. We can obtain v v 
r 2 and from equations ( 10 )-*( 12 ) if we assume likely 
values for the constants involved, and as before we can 
see just how sensitive these frequencies are to the 
values chosen for the constants. The results obtained 
are shown in Table VI and it will be seen that v x 
comes out close to the observed frequency 2857 cm ." -1 
provided that a value about 10 x 10 5 dynes/cm. is chosen 
for k v although it is not very sensitive to changes in the 
value of this constant. The other constants including 
mass m 3 have scarcely any effect on the value of v v An 
independent rough estimate of k x is obtained as follows: 
If C x is the carbon atom of the CH a group, fig. 13, while C 2 
and C z are the carbon atoms to which it is attached, and C 2 and C z are moved 
equally by the small distance AJ3, then restoring forces k.AB will act on 



h 

(10~ u dyne 


v 4 

era ./radian) 

nh 

(cm.- 1 ) 

ny finite value 

0 

3070 

1 

m 2 

3083 

1 

2 m. 

3083 

I 

00 

3083 

0 

Any finite value 

3070 

0-5 

m, 

3076 

0‘6 

2m, 

3076 

0*5 

00 

3076 


k t is taken as 5 x 10* dynes/cm. and dj = 
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C 2 and C 9 towards C v where k is the force constant for the C—C bond and 
may be taken as 4*0 x 10 s dynes/cm. These two forces will be equivalent to 
2kAB cos \d acting in the direction P0, and this force may also be regarded 
as due to the movement of m z from 0 to P, so that 2k A Boos = k x OP =* 
k x AB cos ^d. Thus k t — 2 k ~ 8*0 x 10 5 dynes/cm., and this value is of the 
magnitude required for the correct value of v x as shown in Table VI. 


Table VI. Values of v v ^ and r 3 calculated from equations (10), 

(11) AND (12) FOR DIFFERENT VALUES OF THE FORCE CONSTANTS k lf 
2 k 6 + kp k 3 , AND THE MASS IWg ATTACHED TO THE CH 8 GROUP IN THE 
FORMALDEHYDE-LIKE MOLECULE OF FIG. 12 



2k e + k^ 



|10 5 dynes/ 

10~ n dyne 

&3 


cm.) 

cm./radian 

(10“ 3 ) 


10 

1 

1 

rn % 

20 

1 

1 

m, 

10 

2 

1 

m t 

10 

1 

1 

00 

10 

1 

0 


10 

1 

1 

Zjtla 


(cm.' 1 ) 

(cm." 1 ) 

(cm.' 1 ) 

2857 

1620 

1221 

2909 

2272 

1225 

2801 

1758 

1610 

2854 

1090 

1234 

2861 

1696 

1194 

2855 

1391 

1216 


Moan observed value for Fj is 2857. 

k a is taken as 4-50 x 10 6 dynea/om. and d % = 1*09 A. The value taken for d a is un- 


» + kfi 

important, since 2k & -f k^ and d 2 always oceui* together as « and k t and d 2 

®a 

always occur together as 


The possibility of there being a cross term in the potential function for a 
formaldehyde-like molecule arising from an interaction between the two 
C—H bonds of a CH 2 group as considered above for ethylene should not be 
forgotten. It would have the eff ect of making k 2 slightly different for the two 
sets of frequencies, v x , and v z (symmetrical) and v x and r 5 (antisym- 
metrical). Our calculations show, however, that this effect, if it exists at all, 
must be small. As we have demonstrated for ethylene that the effect of 
such a cross term on the C—H force constant was negligible, we propose to 
ignore it in this case too. 

Belation between CH force constant and internuclear distance. It becomes 
apparent that the force constant for the CH linkage depends to some con¬ 
siderable extent on the manner in which the carbon atom is attached to the 
rest of the molecule. Knowing the force oonstant for this linkage with con¬ 
siderable accuracy for acetylene (5*88 x 10 5 ), ethylene (5*02 x 10 5 ), and the 
CH a groups investigated in this communication (4*52 x 10 6 dynes/cm. after 
allowing for small frequency shift in passing from solution to vapour), we 



280 


J, J. Fox and A. E. Martin 


may calculate the CH distances from a relation of the type given by Morse 
( 1929 ) and Clark ( 1935 ), namely, r = 9*63/(A)*, where r is the C—H distance 
in A, and k the force constant in dynes/cm. We may compare with the values 
obtained from the fine structure of infra-red bands: acetylene, Herzberg, 
Patat, and Spinks ( 1934 ); ethylene, Penney ( 1937 ) from infra-red data of 
Badger ( 1934 ); methane, Ginsburg and Barker ( 1935 ). The chief point of 
interest in this comparison made below is the closeness of the C—H distance 
calculated from the CH 2 group to the value observed in methane: 

C,H a C s H 4 >CH, 

C—H distance from fine structure 1*057 A 1*08 A 1*093 A (CH 4 ) 

C—H distance calculated from 1*052 1*080 1*099 

force constant 

We desire to thank Mr F. S. Benge of the Government laboratory for 
his valuable assistance throughout the course of the investigation. 


Summary 

The absorption of seven substances containing CH 2 groups has been in¬ 
vestigated in the region of 3/*. Besides the aromatic CH bands found about 
3*27// when a benzene ring is present, two or more bands near 3*4/* are 
attributable to the CH 2 groups. 

A critical survey of the data available for ethylene enables us to explain 
the bands observed for CH a groups in more complicated molecules. When 
only one CH a group is contained in the molecule, two bands are observed 
and these are identified as the CH valency vibrations in and out of phase; 
but when the number of CH 2 groups is increased, the coupling between them 
may increase the number of bands as in dioxan, for example, where four 
strong bands are observed. 

A satisfactory ai>proximation to the molecules studied by us is found in a 
model of the formaldehyde type in which the CH 2 group is attached to a 
mass of similar magnitude. This model enables us to explain the observed 
frequencies provided that the CH force constant is 4*52 x 10 5 dynes/cm., a 
value considerably lower than 5*02 x 10 s for ethylene and 5*88 x 10 6 for 
acetylene. The important result is obtained that the mass to which the CH 2 
group is attached and the various other force constants involved in com¬ 
pounds of the type investigated have very little effect on the positions of the 
CH 2 absorption bands in the 3/* region, except in rare cases involving strain 
of the bonds connecting the CH 2 groups to the rest of the molecule, e.g* 
fluorene. 
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The measurement of sand storms 
By R. A. Bagnold 

(Communicated by 6. /. Taylor , F.R.S.—Received 10 May 1938) 

[Plate 12] 

In earlier papers (Bagnold 1936 , 1937 a) a description was given of 
experiments made in a wind tunnel 1 ft. sq. in cross-section to examine the 
conditions of wind and ground surface governing the mass flow q of sand 
across open country. It was found that: 

(а) The sand movement over a loose sand surface profoundly modifies 
the vertical velocity distribution of the wind, and that Prandtl’s expression 
for the velocity distribution over a rough surface of immobile grains 

Ofu 

5*75 F* log-—- (I) 

(where the drag velocity F* = V( t /p)» 2 height 0 f measurement above 

the surface, k is the height above the surface at which v is zero—a height 
of the order of 1 /30 of the dimension of the surface irregularity, i.e. the grain 
diameter, 7 is the surface drag and p the air density) becomes 

v = 6-75% log J, + V t ( 2 ) 

(where is a new drag velocity due to a new surface drag 7 ' occasioned by 
the sand movement, k' is a much greater height, of the order of the amplitude 
of the surface ripples, and V f is the threshold wind velocity, as measured at 
the height k\ at which the sand movement once started just maintains 
itself). 

( б ) Over the above type of surface the mass flow q of sand should be given 
by an expression 

<»> 

(where C is an experimental constant ranging from 1-5 for a uniform sand 
of grain diameter d, to 2*8 for a sand of a very wide range of grain size but 
having the same mean diameter d, and D is a standard grain diameter 
0*025 cm. used for comparison because it is found near the tops of most 
desert dunes). 

Since in the wind tunnel the measured values of the drag velocity were 
obtained from velocity readings up to a height of only 5 in. above the surface, 
the results could only be used to predict real conditions in the open air 
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provided the basic assumption is valid, that the movement of sand (as 
distinct from dust) is a purely surface phenomenon unaffected to any 
appreciable extent by circulatory currents within the air stream. 

It was important therefore to confirm the laboratory work by observations 
under natural conditions in the open air. Such observations require con¬ 
tinued dry weather and clean sand free of dust and uncontaminated by 
salt which causes hygroscopic effects. With the aid of a government grant 
allotted to me by the Royal Society I was able, after having designed and 
built special apparatus, to carry out such observations in the Egyptian 
Desert during February and March 1938. 

The apparatus consisted of a set of pitot tubes which could be mounted 
in various combinations on vertical masts, a multiple manometer and sand 
collectors. 

The pitot tubes were of the modified N.P.L. pattern with hemispherical 
heads. The bore of the pressure orifices was 1-6 mm. and each tube, 16 in. 
long, could be clipped at its leeward end to a vertical mast of thin golf 
club steel tubing jj in. in diameter and 66 in. high. Rubber tubing in. bore 
led to the manometer which was sometimes 100 ft. away. Usually four 
pitots were clipped to one mast, at heights of 1, 10, 40 and 160 cm. above the 
surface. 

The design of the manometer had to embody special features. The 
instrument had to register both velocity and static pressures at at least 
six points simultaneously, it had to be capable of carriage by car across 
rough country without requiring readjustment, and to be sot up, levelled, 
zeroed and read rapidly and easily under the unfavourable conditions of an 
open dune during a violent sand storm. 

The manometer is shown in fig. 1, Plate 32 and fig. 2. The heights of the 
twelve inclined tubes A , each mounted in independent graduated cradles, 
can be adjusted at each end by the screws B and C. Six tubes were given 
an inclination of 1/20 for the lower pressures, and the remainder had an 
inclination of 1/5; hut other slopes can be used when desired. Alcohol 
is stored for travelling in the tank I) and thence can be driven up into the 
gauge tank E by blowing through the cock F, the cock O being closed. The 
cock H is then closed and Q opened, allowing the liquid to rise into the gauge 
tubes A through the chokes /. The whole gauge can be levelled by the 
screws J and by theodolite bubbles (not shown) fixed to the base plate. 
When necessary the inclination of each and every gauge tube can be 
checked by means of a separate micro-manometer P, shown in fig. 1,Plate 12, 
embodied in the instrument. This is connected to the tube K and, when it is 
required, to one of the orifices L . 
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In order to zero all the gauges during a high wind, it is nee&aary to 
short-circuit all the working connexions M of the gauges back to the air 
space above the gauge tank. This is done by providing special short- 
circuiting manifolds N which can be clipped rapidly into place. When the 
zero gauge readings have been recorded, these manifolds and their con¬ 
necting tubes to L are removed and the manifolds 0 carrying all the working 
pitot connexions, both pressure and static, are substituted. One of the 
orifices L is then closed, and the other connected to a “breather” of wire 
gauze lightly buried under the fiat sand surface of the ground. 



The instrument can be set up, levelled and zeroed in fi min. even in bad 
conditions. The period of measurement varied from 15 to 45 min., and 
readings of wind velocity were taken at intervals of from 1 to 3 min. The 
degree of damping provided by the chokes was such that no technical 
difficulty was found in taking the readings, and no trouble was found to arise 
from the great lengths (occasionally more than 100 ft.) of connecting tube 
used. 

The measurement of the total sand flow over an open surface can only be 
approximate, since all known collecting instruments interfere with the air 
stream. But if the collector is nearly streamlined, and offers but a narrow 
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front to the wind, the flying grains (saltation), other than the small pro¬ 
portion of dust with which I was not concerned, are unable to follow the 
deflected wind and pass straight into the open mouth of the collector. 
This, however, is not the case at the ground surface, for the increased wind 
velocity along the sides of the vertical collector causes removal of the 

i 

i 

fees.i i 

i 

i i 

t i 



Fio. 3. Sand collectors. Left, saltation collector. 
Right, ground trap for surface creep. 


surface sand with the consequent formation of a hollow. Thus the slow 
moving grains in “surface creep ” are carried round the sides of the collector 
and lost. It was therefore necessary to provide two collectors, as shown in 
%• 3, a tall thin one £ in. wide and 30 in. high to catch the saltation (the 
sand flow above this height even in a bad storm is negligible) and a buried 
ground trap for the surface creep. The weight of sand collected in eaoh, 
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corrected for the differing widths of the orifices exposed, was assumed to 
give the flow of sand in saltation q 8 and in surface creep q ri and their sum was 
assumed to be the total sand flow q . The creep q c was found to be approxi¬ 
mately equal to qj 4, which is in agreement with the ratio found in the wind 
tunnel experiments. 

One complete set of observations took an hour. During heavy storms this 
was about the longest period it was possible for an observer to work 
efficiently without elaborate protection against the sand blast. As neither 
the direction nor the date of occurrence of a storm could be foretold, the two 
collectors, the manometers and pitot tubes had to be erected and removed 
during the storm. 


Results 

Full-scale work of this nature is entirely dependent on the weather, which 
unfortunately was exceptionally calm, although the locality (Western Egypt) 
and the time of year (Spring) were specially selected for their storminess. 
Only two real storms occurred in two months, but despite this sufficient 
data were obtained regarding the relation between wind velocity and sand 
movement to confirm remarkably the conclusions previously arrived at 
in the laboratory. The intervening long periods of calm were utilized for 
other observations whose results will be published separately. 

In comparing the laboratory results with those obtained in the field, it 
must be remembered that (a) the sand used in the wind tunnel experiments 
was of uniform grain size, whereas the grains of the real dunes, though 
approximating closely to this in mean size, were not uniform; (b) the 
observations were all made on different days and the storms came from 
different directions, so that the grain grading was not quite constant. 

A further difficulty, which it was feared might seriously mask the expected 
linear distribution of wind velocity with the log-height lay in the fact that 
the surfaces of dunes are always curved, surfaces of any size composed of fine 
sand and free of a covering layer of grit never being found on the flat desert 
plains. Measurements had therefore to be made on the surfaces of the 
flattest barchan dunes available—radius of curvature of the order of 
1000 ft. 

Typical wind velocity distributions are shown in fig. 4. It will be seen 
that the manometer readings gave velocities which, when plotted against 
the log-height of the four pitots above the ground, led to linear distributions. 
The velocity rays converge to an apparent focus at a height k f and at the 
velocity of the threshold wind, thus corroborating equation (2). 
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The height k' is here about 1 cm. above the ground. The corresponding 
height for the uniform sand used in the wind tunnel was 0*3 cm. If the height 
k f is to be associated with the ripple amplitude, this increase in height 
tallies with the greater amplitude of ripples observed with sands of mixed 
grain size. 



0 200 400 600 800 * 1000 1200 1400 

Wind speed in cm /sec, 


Fig, 4. Observed normal wind velocity distribution over a dune when sand jh 
driving. V* is the drag velocity *J{Tjp) when no sand is moving; V {tli is tho special 
drag velocity ^{r'jp) due to the sand movement. 

A comparison of fig. 4 with the corresponding figure giving the wind 
velocity distribution in the tunnel (Bagnold 1936 , fig. 6 ) will show that the 
threshold wind velocity in the former case is somewhat greater than it is 
in the latter. This is to be expected, since, although the mean grain diameter 
of the sand of the dunes (fig. 7) is approximately the same as the uniform 
wind tunnel sand (0*025 cm.), the dune sand contains grains of other sizes 
of which the largest, collected on the surface, tend to protect the surface 
from disturbance. The dotted curve of fig. 7 represents a sample of the 
coarser surface sand which was collected as the ‘ ‘ surface creep ’ ’ in the ground 
trap. The mean grain diameter of this is 0*033 cm. and the threshold wind 
velocity for such sand was found in the wind tunnel to have approximately 
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the value shown in fig, 4 . This supports the view that after the wind has 
blown from the same direction for sufficient time to stabilize the surface 
by causing the larger grains to collect at the crests of the ripples (Bagnold 
1937 a, p. 431), the presence of these larger grains, even in very small 
proportions, appreciably raises the threshold wind velocity. 



Fig. 5. Comparison of wind tunnel and open-air values of the observed rate of mass 
flow q of sand, and their proportionality to F^ according to equation (3). 

Results in open country Previous wind tunnel results 

x Sand ovor sand surface (fairly uni- Dotted line C= 1*5 indicates sand flow 

form dune sand) for uniform sand of same grain size os x . 

Os) Sand over grit surface (sand-sheet) Dotted line C = 2 8 indicates sand flow 

for sand of same mean size but very 
wide range of size. 

In order to check the validity of equation (3), the values of V® were found 
from the inclination of the velocity rays of fig. 4, and V* m was plotted against 
the measured values of the sand flow q. The result is shown in fig. 5 . d/D 
was taken as unity and pjg as 1*25 x 10 ~ 6 . It will be seen that the points 
lie well in a straight line and that the value of the constant C is approxi- 




289 


The measurement of sand storms 

mately that which would be predicted from the laboratory results for sand 
of the degree of uniformity of grain size which is found on the average 
dune. 



Fig. 6 . Relation between the flow of average dune sand and the wind velocity as 
measured at a standard height of one metre. In the units used q~ 5*2 x 10“ 4 (r —F ( ) s . 
This is obtained from equations (1) and (2) from which 

9 grV D 190 log 3 z/k'* 

by taking <7=1*76, d/D= 1, pjg^ 1*26 x 10~ fl , &'== 1 cm,, 2 = 100 crn., V t = 400 cm./aoc. 

It is now possible to give, with some confidence, a curve, fig. 6, showing 
directly the rate of sand movement over the surface of an eolian sand 
accumulation, caused by a wind of any velocity as measured at a standard 
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height of one metre above the surface. The cubic character of the curve 
emphasizes the fact that more sand is moved by a strong wind in a short 
time than by a weak wind in a proportionately longer time. From this it is 
seen that the direction of the “prevailing wind” as defined by mean 
square values may differ from the direction of sand drift. For the latter the 
“prevailing wind” should be computed on a mean cube basis (after sub¬ 
tracting the threshold velocity from all wind velocity figures). 

Similar measurements of wind gradient and sand movement during storms 
were made above the grit-covered surfaces of a flat sand-sheet over which 
the dunes are creeping. Since in this case there is no fixed relation between 
V m and q (vide the last section of my 1936 paper) but only a maximum value 
of q for a given value of there must be some uncertainty as to whether 
the wind is sand-saturated or not at the time of measurement. The measure¬ 
ments were, however, made w hen the sand was drifting heavily over the 
sand-sheet, and was being temporarily deposited upon the grit floor not 
far away in long narrow strips 1-2 cm. in thickness. That is, the air was 
probably very near sand-saturation. 

Though the mean grain diameter was here considerably bigger than that 
of the sand moving over the dune nearby, and the range of grain size was 
also wider, the values of q given in fig. 5 (dotted circles) are far in excess, 
for the same values of T@, of any found for sand moving over a grit-free sand 
surface. This is also in accord with the previous laboratory work. 

In a paper (Bagnold 19376 ) describing experiments on the changes which 
occur in the size grading of sand when it is transported by wind, a new type 
of grading diagram was used to express the results. In this the grain 
diameter, on a log scale, is plotted as abscissa against the logarithm of 
a quantity <f>, where is the percentage weight of sand present per log-cent 
change of diameter. This form of diagram has the advantage that the 
proportions in which the extreme grades are present can be clearly seen. 

The experiments showed that whatever may be the grading of a bed 
from which sand is being removed by a wind, the percentage weights of the 
extreme grades present in the sand transported, and in that subsequently 
deposited, tend to die away on each side of the mean diameter according to 
an exponential law (straight line on the diagram). Moreover the exponential 
coefficient on the large grain side tends to a limiting value of 9 . 

In fig. 71 have shown a typical curve giving the grading of a sand in process 
of transport through the wind tunnel (thin continuous curve). The two 
heavy curves were similarly obtained from sand actually blowing over the 
dunes, by adding together the collected saltation and surface creep. It will 
be seen that the results found in the wind tunnel are again corroborated. 
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The bi-linear arrangement is clearly shown, and the right-hand sides are 
exactly parallel to one another and to that of the wind tunnel curve, the 
coefficient in each case being 9. 



Fig. 7. Grading diagram. The thin curve represent# the size-grading of a sand which 
has been removed by wind from the floor of the wind tunnel and transported through 
the tunnel. The two heavy curves show the similar grading of sand in motion over 
two dune surfaces in the desert. Here the saltation and surfacre creep, collected 
separately, have been recombined for analysis. The dotted curve shows the grading 
of the surface creep only. <f>~dn/d (log R), where n is the percentage weight of the 
grade, and R is the grain diameter. 
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' The bi-linear arrangement is clearly shown, and the right-hand sides are 
exactly parallel to one another and to that of the wind tunnel curve, the „ 
coefficient in each case being 9. 



Fia. 7. Grading diagram. The thin curve represents the size-grading of a sand which 
has been removed by wind from the floor of the wind tunnel and transported through 
the tunnel. The two heavy curves show the similar grading of sand in motion over 
two dime surfaces in the desert. Here the saltation and surface creep, collected 
separately, have been recombined for analysis. The dotted curve shows the grading 
of the surface creep only. <f>~dnjd{\og R), where n is the percentage weight of the 
grade, and R is the grain diameter. 
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A study of sensitized explosions 

II. Ignition phenomena in mixtures of carbon 
monoxide and oxygen sensitized by hydrogen 

By E. J. Buckler and R. G. W. Norrxsh, F.R.S. 

# 

Laboratory of Physical Chemistry, Free School Lane , Cambridge 
(.Received 27 April 1938) 

Introduction 

Not the leant important factors affecting the utilization of gaseous fuels 
are the remarkable effects of small quantities of catalytic substances, the 
presence of which may initiate or entirely change the nature of a com¬ 
bustion process. A proper understanding of these factors is therefore of 
great importance in the control of processes which are fundamental to many 
parts of applied chemistry. Such processes, however, are also intrinsically 
interesting for the insight they give into the ultimate mechanism of chemical 
reaction, and as a result of their study in the light of the theory of chain 
reactions, many empirical facts relating to combustion processes which 
previously were obscure now acquire a new significance. 

Of all these reactions the combustion of hydrogen and carbon monoxide 
stand in a unique position, for these substances more than any others occur 
as intermediaries in the burning of gaseous fuels; it is therefore of speoial 
interest to realize that the presence of traces of hydrogen may have a pro¬ 
found effect on the combustion of carbon monoxide, not only in lowering the 
temperature of ignition, but also in influencing the rate of propagation of the 
flame. This becomes of particular importance when it is remembered that 
carbon monoxide as used industrially nearly always contains traces of 
hydrogen. 

The extensive researches of Gamer and his co-workers ( 1927 - 32 ) on the 
radiation emitted by the carbon monoxide flame, have shown that the 
mechanism of oxidation changes completely in the presence of appreciable 
traces of hydrogen. However, the nature of the catalytic effect of hydrogen 
has not been completely elucidated, nor has its effect on the limits of ignition 
been demonstrated. It would appear that the catalytic influence of hydrogen 
has never been clearly separated from that of water, which in the past has 
been the subject of many profitable and important observations (Bone 1931 ; 
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Hadman, Thompson and Hinshelwood 1932a; Topley 1930). The view has 
been expressed by Hadman, Thompson and Hinshelwood (1932a) that the 
virtue of water in catalysing the combustion of carbon monoxide lay in its 
property of yielding hydrogen. That this view is in part erroneous, however, 
becomes at once apparent when the effects of hydrogen and water are con* 
trasted, for with the latter a comparison of the work of Sagulin, Kowalsky, 
Kopp and Semenoff (1930), Hadman, Thompson and Hinshelwood (19326), 
and Cosslett and Garner (1930) shows that the catalytic effect of water is 
confined only to the propagation of the flame and has no effect on the 
ignition temperature, while our own preliminary experiments, on the other 
hand, demonstrated that traces of hydrogen have an enormous effect in 
depressing the ignition temperature. 

It soon became apparent that in the presence of only 1 % of hydrogen, the 
combustion region for carbon monoxide is transferred to that characteristic 
of hydrogen, and that the propagation and branching of chains becomes 
possible at temperatures over 150 ° lower than with pure carbon monoxide 
and oxygen. The results of our investigation indicate that the catalytic 
effect of molecular hydrogen is indeed consequent upon its introducing a 
new and facile branching process. This is in contrast with the effect of 
water winch, as was first envisaged by Haber, Farkas and Harteck (1930), 
can facilitate chain propagation by yielding H atoms, but which, as was 
pointed out by von Elbe and Lewis (1937), leaves the branching process and 
therefore the ignition temperature unaffected. 

The present work is described in two parts; in the first the conditions 
affecting the ignition of carbon monoxide and oxygen in the presence of small 
quantities of hydrogen are examined and elucidated; in the second which 
constitutes the succeeding paper the kinetic study is completed by a com* 
parison of the characteristics of the present reaction with those of the 
reaction between hydrogen and oxygen, the influence of deuterium also 
being taken into consideration. 

The final conclusion is reached that the combustion of carbon monoxide 
in the presence of even traces of hydrogen is controlled uniquely by the 
reactions involving the combustion of the latter gas. 


Experimental method 

Apparatus. The experimental arrangement shown in fig. 1 was similar to 
that used by Foord and Norrish (1935). A reaction vessel V of quartz or 
pyrex, which could be evacuated to 10~ 6 — 10“*mm. Hg by “Hyvac” and 
mercury diffusion pumps, was supported horizontally in an electric furnace 
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wound to give a constant temperature within 1° C. over 25 cm. of its length. 
The furnace temperature was maintained constant within 0 - 5 ° C. by a 
Cambridge Instrument Company automatic regulator and chromel-alumel 
thermocouple previously calibrated at the melting-points of antimony, 



zinc, lead and tin. Gas mixtures could be introduced from a separate mixing 
vessel through a wide-bore tap X, and subsequent reaction detected visually 
through a small window W in the entry tube. The pressure measurements 
involved in making up gas mixtures, observing induction periods and calcu¬ 
lating percentage combustion were carried out by the use of two water- 
jacketed Bourdon gauges of the type described by Foord (1934). The first, 
in which pressure changes were measured by deflexion of a beam of light, 
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was used in the determination of ignition limits and as a null instrument in 
conjunction with a mercury manometer for making up gas mixtures. The 
second gauge was sufficiently sensitive to enable pressure changes to be 
estimated within 0*01 mm. Hg by the movement of a pointer observed by a 
travelling microscope, while both were robust enough to withstand the 
shock of explosions in the reaction vessel or pressure changes up to one 
atmosphere across their diaphragms. 

The gases required in the experiments were prepared as described below 
and stored in large soda-glass bulbs which previously had been evacuated 
and heated with a large luminous flame to remove any surface impurities. 
Mixtures which would be required for some time were stored in bulbs fitted 
with mercury seals which could be closed between experiments to remove 
any possibility of leaks and prevent undue contamination by tap grease. 
Every permanent gas or mixture was passed through a spiral cooled in 
liquid air before entering the final mixing vessel to eliminate traces of water 
vapour and other impurities. 

Preparation of gases. Carbon monoxide was prepared by dropping 100 % 
sulphuric acid on to anhydrous sodium formate warmed to 110°C. in an 
apparatus which previously had been evacuated with a water pump. The 
gas was purified by passing through a trap cooled to — 80 ° C., over soda lime 
and solid potash, and through a spiral cooled in liquid air, finally being 
collected in a bulb immersed in liquid nitrogen. Approximately one-third of 
the product was pumped away, and the remainder taken for storage in a 
51 . glass bulb connected to the main system. Prepared in this way the gas 
proved to be 100 % pure on analysis, and gave no detectable oxidation when 
left in the reaction vessel at 540 ° C. for half an hour. 

Oxygen was taken from a commercial cylinder, passed over platinized 
asbestos heated electrically in a pyrex tube to remove traces of hydrogen and 
ozone, and collected in a tube cooled in liquid air. About one-half of the 
condensate was pumped away to remove traces of nitrogen, and the re¬ 
mainder was drawn off when required through a spiral cooled in liquid air. 
Since all gases were required to contain less than 1:5000 of hydrogen, this 
method was chosen in preference to that of preparing the gas by electrolysis. 

Nitrogen, helium, and argon taker* from cylinders were freed from traces 
of hydrogen by treatment with red hot copper oxide in a pyrex tube for 
15 min. immediately prior to use, and dried by passing through spirals 
cooled in solid carbon dioxide or liquid air. 

Hydrogen was prepared by the electrolysis of 10% sodium hydroxide 
solution saturated with barium peroxide, purified over heated platinized 
asbestos and dried by passing through spirals cooled in liquid air. 
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Deuterium was prepared by the electrolysis of 98 % heavy water, stored 
in a clean glass bulb fitted with a mercury seal, and dried before use by 
passing through spirals cooled in liquid air. 

Practical methods. In the preparation of samples of gas containing 
accurately known small concentrations of hydrogen, a mixture of oxygen 
with about 5 % hydrogen was first prepared in a subsidiary bulb, and re¬ 
quisite amounts of this dilute mixture admitted to the main reservoir, 
followed by extra carbon monoxide and oxygen. After allowing 30 
min. for the attainment of uniform composition, samples were with¬ 
drawn for use through a spiral cooled in liquid air. 

Each complete series of experiments, which often extended over a period of 
several days, was performed without allowing the furnace to cool, in order to 
maintain the surface conditions of the reaction vessel as constant as possible. 

Two distinct methods were employed for the determination of ignition 
limits. The first, which may be described as the “withdrawal” method, 
depended upon the fact that a mixture of carbon monoxide and oxygen 
sensitized with hydrogen could be introduced into the reaction vessel with¬ 
out inflammation occurring, provided that a sufficiently high pressure of 
pure gases was first established there. Such mixtures were stable above 
200 mm. Hg, but on withdrawal underwent sudden spontaneous ignition at 
some critical pressure below 100 mm. Hg. 

In contrast with the results obtained in this way are those furnished by 
what may be termed the “admission ” method, in which a study was made of 
the behaviour of sensitized mixtures entering the evacuated reaction vessel 
through the tap X from the final mixing vessel. The boundary of ignition 
obtained in this way was defined by the final limiting conditions of composi¬ 
tion and pressure in mixtures which could be introduced into the furnace 
without inflammation occurring. The percentage combustion of an ignited 
mixture was conveniently determined by withdrawing the residual gases 
from the furnace through a spiral S cooled in liquid air. The amount of 
carbon dioxide collected could be estimated from the pressure shown on the 
mirror gauge when the gas was allowed to expand into the volume occupied 
by the spiral, the gauge diaphragm and the connecting tubing. From a 
knowledge of the volume of the bulb of the reaction vessel, as little as 0-1 % 
combustion could be detected and measured in this way. 

Experimental results 
Ignition by withdrawal 

It has been found that the region of low-pressure explosion of pure carbon 
monoxide and oxygen is extended over 150 ° C. towards lower temperatures 
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in the presence of about 2 % hydrogen. The sensitized mixtures ignite be¬ 
tween definite upper and lower pressure limits which vary with hydrogen 
concentration in the manner shown in fig. 2. These results were obtained in a 
27 * 0 mm. diameter pyrex reaction vessel using the “optimum ” mixtures 
2 CO + 0 2 throughout. 

For the determination of the upper pressure limits of spontaneous 
ignition, mixtures containing hydrogen were added to samples of the pure 



Fig. 2. The variation of ignition limits* of 2CO + O a with hydrogen pressure. Pyrex 
reaction vessel diameter 27-0 mm. 

gases previously introduced into the reaction vessel at a pressure greater 
than the limit value. After allowing 30 sec. for the attainment of uniform 
composition, the contents of the furnace were withdrawn slowly until the 
mirror gauge registered the sudden kick followed by decrease of pressure 
characteristic of explosion. 

The values of the lo wer limit were found by admitting mixtures containing 
a known amount of hydrogen directly into the reaction vessel, the total 
pressure being adjusted by trial and error until no faint blue flash could be 
seen through the window in the entry tube. 

The intermediate values of the limit for small hydrogen pressures at the 
foot of the curve were also determined visually, since in this region the 
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percentage combustion and pressure change during ignition is small. For 
this purpose a small quantity of SCO -f O a containing hydrogen was added to 
a mixture of the pure gases in the reaction vessel at a pressure close to the 
limit value, and the minimum value of the total pressure required to prevent 
ignition determined by trial and error within 0*5 mm. Hg. 

The curves show that the sensitized ignition of carbon monoxide and 
oxygen is situated in the same region as that of hydrogen, the curve at 
445 ° C. indicating where the upper and lower limits converge at the low- 
temperature extremity of the explosion region. The ignition in the neigh¬ 
bourhood of the lower limit and at very small hydrogen pressures was 
marked by a faint blue flash, and was not investigated in any detail. When 
the concentration of hydrogen exceeds about 0*2 % the explosions are 
definite and the combustion almost complete, as shown in Table I which is 


Table I. The percentage combustion after ignition of 

MIXTURES OF 2 CO + 0 2 CONTAINING HYDROGEN 


Pyrex reaction vessel 27*0 mm. diameter. 
Temperature 620" C. 


Hydrogen pressure 

Total pressure 

Percentage 

mm. Hg 

mm. Hg 

combustion 

1*680 

80*0 

100*0 

1-220 

74*2 

99*8 

0*880 

67*0 

100*2 

0-590 

60*6 

97*6 

0*400 

53-0 

96*0 

0*220 

45*0 

81-0 

0*100 

33*0 

00*0 

0*075 

25-0 

40*2 

0*040 

10*0 

3*0 


typical of the results obtained. Nevertheless these explosions possess none 
of the violence associated with the ignition of oxyhydrogen mixtures, and 
never produce any audible sound. The small degree of combustion at low 
hydrogen pressures confirms the results of many previous workers that even 
when flame is initiated in mixtures of carbon monoxide and oxygen, it lacks 
self-propagating power unless an adequate supply of free radicals containing 
hydrogen also are present. 

Above the upper pressure limit the reaction rate falls abruptly to values 
which are very small below 540 ° C., but which at higher temperatures, even 
in vessels poisoned by treatment with potassium chloride, constitute a 
source of error by altering the composition of the mixtures in the reaction 
vessel during the time allowed for the attainment of uniform composition. 
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For thia reason it was difficult to study these curves above 570 ° C. A detailed 
examination of the kinetics of the sensitized ignition will be deferred until an 
account has been given of further phenomena observed in this system of 
interest in the general theory of gaseous ignition. 

Ignition by admission 

In contrast with the technique already described for determining ignition 
limits, a study has been made of the behaviour of sensitized mixtures enter¬ 
ing the previously evacuated reaction vessel. When the final values of the 
hydrogen pressure and total pressure of mixtures shared between the 
mixing vessel and the furnace lay close to the limits of spontaneous ignition, 
inflammation occurred while the gases were entering the reaction vessel. As 
the total pressure of such mixtures was increased by the addition of inert gas 
or extra carbon monoxide and oxygen, a critical value was reached above 
which no visible ignition occurred during the sharing process, provided that 
it was carried out as rapidly as possible. In other words, with a sufficiently 
rapid flow of gas, mixtures could be established in the furnace at pressures 
greater than the ignition limit before the reaction had time to develop into 
explosion. However, the unexpected result was obtained that visible 
ignition reappeared when the initial total pressure of gases in the mixing 
vessel was further in creased to considerably higher values above 100 mm. Hg. 
It was decided to investigate this phenomenon in detail, especially as it was 
found that provided the wide-bore tap X was opened as quickly as possible, 
the two pressure limits had definite and reproducible values. The relation 
between final total pressure of mixtures containing fixed concentrations of 
hydrogen, and the percentage combustion after sudden admission to a 
27*0 mm. diameter pyrex reaction vessel at 540 ° C. is shown in fig. 3 . In 
these experiments the concentration of 200 + 0 3 was maintained constant 
at 50*0 mm. Hg and the total pressure varied by addition of purified nitrogen. 
The diagram shows that for a given suitable pressure of hydrogen there 
exists two pressure limits between which there is no ignition and outside 
which inflammation occurs in mixtures admitted to the reaction vessel. 
The small residual percentage combustion between the limits was due to the 
spontaneous ignition of a portion of the gases during subsequent withdrawal 
from the reaction vessel for analysis. 

The effects of diluent gases . The results are beet expressed as curves showing 
the relation between hydrogen pressure and final total pressure at which 
sudden discontinuities occur in the percentage combustion of mixtures 
entering the reaction vessel. Such curves may be described as the ignition 
boundaries obtained by the admission method, and are shown in fig. 4 for 
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mixtures in whioh srgon, oxygen, nitmgen «4 <■*« 

in turn to augment the total pressure. When the final composition of mixture* 

is represented by point, lying below three curve, no .gmtmu «•»£*” * 

admission of the gases to the fum.ce. The conrepondug! 

helium and carbon dioxide a, diluent gases are shown in figs, o and » re 

spectively. 



TOTAL PRESSURE (mm Hq ) 


Fxa.3. The relation between final total pressure and percentage combustion of 
mixtures entering a 27 0 mm. diameter pyrox reaction vessel at 540 fc. Press 
2CO + O a constant at 50 0 mm. Hg. Hydrogen pressures constant along each curve. 

Nitrogen used as diluent i 


Comment on the extraordinary variation in shape of the curves using 
different inert gases must be reserved until all the experimental evidence has 
been presented. For comparison of these curves, however, it should be 
pointed out that during admission of a mixture to the reaotion vessel the 
hydrogen pressure and total pressure move along a straight line from the origin 
to a point on the diagram representing the final composition of the mixture, 
and that providing the slope of this line has an appropriate value, all 
ignition boundaries except that obtained using helium as a diluent gw 
will intersect it at two points, representing limits of inflammability. AU 
mixtures except those diluted with helium, therefore, possess upper and 
lower critical pressure limits of ignition, although the range of hydrogen 
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Fig. 4 . Ignition boundaries by admission method in mixtures of 2C0 4- O a with 
different diluent gases. Temperature 540° C. Pressure of 2CO -f 0 2 constant at 
50*0 mm. Hg. Pyrex reaction vessel 27-0 mm. diameter, x Argon. A Oxygen. 
® Nitrogen. GJ Carbon monoxide. • Carbon dioxide. 




Ignition limits by admission method in mixtures of 2CO*f O a containing helium 
(fig. 5) and carbon dioxide (fig. 6). (Curve for nitrogen shown for comparison.) 
Temperature 540° C< Pressure of 2CO 4- O, constant at 50*0 mm. Hg. Pyrex reaction 
vessel 27*0 mm. diameter in fig. 5, Pyrex reaction vessels 27*0 mm. and 37*5 mm. 
diameter in fig. 6. 
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iee of ignition of 2CO + O a determined by the admission method and the withdrawal method in a 27-0 mm. 
L O Withdrawal method, x Admission method. — Sensitization by hydrogen.-Sensitization by de 
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concentrations in which they may be observed varies considerably in the 
presence of different inert gases. 

Effect of temperature. The region of stability expands considerably at 
lower temperatures and is related to the region of spontaneous ignition 
determined by the ‘ ‘ withdrawal ’ ’ method as shown in the three diagrams of 
fig. 7, which were obtained at 552, 520 and 483° C. respectively, using 
sensitized mixtures of carbon monoxide and oxygen containing no inert gas. 



Fia. 8. Ignition boundaries by admission method in pyrex reaction vessels of differ¬ 
ent diameters. Temperature 540° C. Pressure of 2CO + O, constant at 60-0 mm. Hg. 
Nitrogen used as inert gas. 

Sensitization by deuterium. In fig. 7 are also shown the corresponding 
results obtained in mixtures sensitized with deuterium. A comparison of the 
results obtained by the withdrawal method in mixtures containing these 
two forms of hydrogen are of fundamental importance in connexion with the 
detailed kinetics of the reaction and will be considered in the succeeding 
paper, the results.obtained by the “ admission ” method serve to demonstrate 
that mixtures become generally less inflammable when hydrogen is replaced 
by the same percentage of deuterium. 

, Effect of vessel diameter. In fig. 8, which shows the boundary of inflamma¬ 
tion of mixtures entering reaction vessels of diameters 37-5, 27*0, 23-6, 20*3 
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and 16*7 mm., it is seen that a small decrease in vessel diameter has the 
effect of rotating the ignition boundary about the origin as an axis without 
affecting its general form. It may be noted at this point that in these and 
all other curves obtained by the “admission** method, the boundary of 
inflammation at high total pressures lies approximately along a tangent from 
the origin to the low pressure portion of the curves below 50 mm. Hg. 

Conditions determining ignition by admission . The preceding observation, 
coupled with the fact that it has already been shown possible to establish 



Fig. 9. The behaviour of mixtures at the boundary of ignition obtained by the 

admission method. 

stable sensitized mixtures in the reaction vessel at high total pressures by 
introducing the components in the correct order, suggests that the region of 
high pressure inflammation determined by the “admission** method is not 
limited by a true kinetic boundary, but is conditioned in some way by the 
pretreatment suffered during entry of the gases into the evacuated vessel. 
This conclusion could be verified in the following way. In fig. 9 is shown once 
more the boundary above which inflammation occurs in mixtures of 2CO + O a 
diluted with nitrogen entering a 27 mm. diameter pyrex reaction vessel at 
540° C. By adding 42*8mm. Hg of 2C0-f0 2 containing 0*093 mm. Hg of 
hydrogen to 50 mm. Hg of 2CO -f 0 2 already present in the reaction vessel, it 
was possible to establish a mixture at the point P in the region of stability 
without ever having passed through the region of low-pressure explosion. It 
could be proved that this technique did not entail oxidation of the hydrogen, 
since on slow withdrawal of the complete mixture, the composition moved 
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down the line PO> and eventually reached the region of spontaneous ignition 
at X where explosion occurred. By the gradual addition of nitrogen to a 
mixture at P, the total pressure could be increased to 200 mm. Hg and the 
composition moved along the line Pi?, with no signs of inflammation on 
crossing the boundary obtained by the admission method. It seems that the 
further the composition of the mixture moves from the boundary of ignition 
obtained by withdrawal, the more remote become the possibilities of ignition 
by chain branching processes. 

However , in contrast with the effect of gradual dilution of a mixture at P by 
slovo addition of nitrogen , it mis found that sudden compression of the gases by 
the instant admission of a large pressure of nitrogen resulted in visible general 
ignition. 

When it is realized that the first portions of a high pressure mixture to 
enter an evacuated reaction vessel will be compressed by the rapid influx of 
the remainder of the gas, it will be seen that whatever be the fundamental 
cause of ignition by compression, the existence of the phenomenon offers a 
reason for the region of high pressure ignition obtained by the admission 
method. A detailed application of this idea will be postponed until the 
factors controlling ignition by compression have been investigated. 

Ignition by compression 

The intensity of reactions of the chain type may be raised to the level 
necessary for ignition by increasing the temperature or altering the com¬ 
position of the system in such a way as to increase the probability of chain 
branching. It has been show n by Foord and Norrish ( 1935 ), in a study of the 
hydrogen oxygen reaction sensitized by nitrogen peroxide, that the transi¬ 
tion from slow reaction to ignition occurs when the concentration of chain 
centres exceeds a critical value required to establish adiabatic conditions in 
some favourable volume element of the reaction vessel. This must be ulti¬ 
mately the fundamental condition for ignition in other chain reactions, but 
exoepting certain special cases is not inconsistent with the view that ignition 
occurs when the effective branching factor exceeds zero. 

A consideration of these ideas leads to the following possible mechanisms by 
which mixtures undergoing stable reaction may be ignited by compression: 

( 1 ) Compression may produce transitory high local concentrations of 
chain centres by confining into a smaller volume those free radicals present 
in the initial mixture. The increased number of elementary reactions in unit 
volume may then be sufficient to establish adiabatic conditions before the 
chain centre concentration reverts to the equilibrium value proper to the 
high pressure conditions. 
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(2) The momentary increase of temperature accompanying sudden 
compression may be the primary cause of ignition by accelerating the 
velocity of reaction between molecules and those free radicals present in the 
gaseous mixture. A sufficient increase in velocity in some favourable volume 
element of the system may then impose adiabatic conditions before the 
temperature reverts to its normal value. 

If the first mechanism be adopted, the minimum degree of compression 
required to produce ignition would be given by 


R - ( 1 ) 

where n e is the critical concentration of chain centres required to establish 
adiabaticity, and n e is the equilibrium concentration of chain centres exist¬ 
ing in the initial mixture. The compression ratio R would be expected to 
increase by the operation of any factor tending to decrease the equilibrium 
concentration of chain centres. 

On the other hand, if the primary cause of ignition by compression were 
the momentary rise in temperature produced by adiabatic compression the 
value of the compression ratio would be determined by the thermal capacity 
and thermal conductivity of the system as follows. 

If a gas is compressed adiabatieally from a pressure p 0 to a pressure p the 
temperature rises from T 0 ° K. to T° K. given by 


log 


T 

To 


r~i 

7 



V'log R > 


( 2 ) 


where y == ratio of specific heat at constant pressure to the specific heat at 
constant volume. The theoretical rise of temperature will not be realized in a 
reaction vessel owing to thermal losses during the time required for com¬ 
pression, but it may be expected that the degree of compression required to 
produoe a given rise in temperature will be greater the smaller the value of y 
in gases of similar thermal conductivity, and the greater the larger the value 
of the thermal conductivity in mixtures with similar values of y. 

The following experiments were carried out to riiatingniah between the 
two possible mechanisms of ignition by compression. mix tures 

were made directly in the reaction vessel at 480° C. above the upper pressure 
limit of ignition obtained by the withdrawal method by introducing the com¬ 
ponents in the correct order. After allowing two minutes for the attainment 
of uniform composition, the contents of the reaction vessel were compressed 
by the sudden admission of nitrogen from a large bulb connected to the 
reaction vessel by a wide bore tap. The tap was closed immediately after 
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turning, and the final pressure of the mixture determined at leisure. By trial 
and error the minimum pressure to which a mixture had to be compressed to 
produce ignition could be determined within about 3 %. The degree of com¬ 
pression was taken as the ratio of the final to the initial pressure of the gaseous 
mixture. 

In fig. 10 is shown the variation of compression ratio with initial total 
pressure of mixtures containing constant partial pressures of carbon 
monoxide, oxygen and hydrogen to which purified nitrogen was added as 
inert gas to augment the initial total pressure. Pyrex reaction vessels of 
diameters 27*0 and 16*7ram. were used, and the determinations carried to 
within l*5mm.Hg of the boundary of ignition determined by the with¬ 
drawal method. 

Using a similar technique the variation of compression ratio with initial 
total pressure was studied in mixtures containing constant partial pressures 
of reactants to which the inert gases argon, nitrogen, helium and carbon 
dioxide were added in turn, with the results shown in fig. 11 . The following 
arguments enable a decision to be made between the two possible mechanisms 
of ignition by compression. 

( 1 ) The “chain centre ” theory. The equilibrium concentration of free 
radicals in a reaction of the chain type is determined by the interplay of 
elementary processes which for convenience may be divided into three main 
types: 

(а) Primary processes in which the first centres are produced from which 
Subsequent reaction chains originate. 

( б ) Reactions between free radicals and molecules involving multiplica¬ 
tion and destruction of chain centres. 

(c) Recombination processes between pairs of free radicals in the presence 
of a third body. 

Using this classification the equilibrium concentration of chain centres is 
given by the following equation, which is based on the original treatment due 

(3) 

where 6 = rate of primary processes, fn e *> rate of chain multiplication, 
gn e m rate of destruction of centres exclusive of self-neutralization processes, 
pSn\ mt rate of recombination reactions where p is the total pressure. 

The probability of the chain branching mechanism responsible for the 
region of ignition obtained by the withdrawal method must of necessity 
increase with decreasing total pressure. If it were operative above the upper 
pressure limit of spontaneous ignition, it would be expected that the 
equilibrium concentration of chain centres would increase as the initial 


Vol.Cl.XVII. A. 


20 



308 


E. J. Buokler and R. G. W. Norrish 



Fig. 10. Variation of compression ratio with initial total pressure of gaseous mixture. 
Partial pressure of 200 + 0, constant at 48-0 mm. Hg. Hydrogen pressure constant 
at 1-Ornm, Hg. Temperature 480° C. Nitrogen used to augment the initial total 
pressure. 



Fig. 11. Variation of compression ratio with initial total pressure of mixtures 
containing different inert gases. Initial partial pressure of 2CO *f O t constant at 
50-0 min. Hg. Hydrogen pressure constant at 0*5 mm. Hg. Pyrex reaction vessel 
diameter 27*0 mm. Temperature 480° C. 
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total pressure was reduced, with the result that the compression ratio would 
show a steady decrease up to the limit of spontaneous ignition. In actual 
fact the results of fig. 10 show that the compression ratio increases slightly 
with decreasing initial total pressure, and it must be concluded that the term 
representing the rate of chain multiplication in equation (3) is negligible 
above the upper pressure limit of spontaneous ignition. 

If the principal method of chain ending involves diffusion of free radicals 
to the vessel wall the equilibrium concentration will be given by 


kD 

pd 


n P 


where D = diffusion coefficient of the gaseous mixture at unit pressure, 
p ~ total pressure of mixture, d — vessel diameter and k « a constant 
depending on the activity of the surface. The compression ratio R then 
becomes 


R 


kn c 

Opd 


D. 


( 4 ) 


On the other hand, if recombination processes constitute the principal 
chain ending mechanism 


0 = pSnl 


.„d < 6 > 

The results of fig. 10 eliminate this second mechanism since, as p increases, 
R at first decreases and thqn tends to a constant value. 

On the other hand consideration of equation (4) shows that under con¬ 
ditions in which k y n Ci d, p and d are constant R should vary directly with the 
diffusion coefficient of the gaseous mixture. In Table II are given the relative 
values of the diffusion coefficients calculated from the formula 


D » | Ac, 

where A » molecular mean free path, and c = root mean square velocity. 
The degrees of compression required to produce ignition in mixtures diluted 
to the same extent with different inert gases should therefore be in the order 

> > a > *co, * 

This is in entire disagreement with the results of fig. 11 in which the order is 

> ^Ho > > *®A 

and on these grounds the theory that ignition by compression is due to a 
momentary increase in the concentration of chain centres must be rejected. 


20-2 
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(2) The thermal theory. If the momentary rise of temperature accompany¬ 
ing sudden compression is the fundamental cause of ignition, a consideration 
of equation (2) shows that the minimum degree of compression required to 


Table II 



Coefficient of 

Coefficient of 



thermal 

gaseous 

Ratio of 

Gas 

conductivity 

diffusion 

specific heats 

Argon 

1-58 

2-40 

1*667 

Nitrogen 

2-28 

26 3 

1*401 

Carbon dioxide 

1 37 

1-42 

1*300 

Helium 

13-90 

20-80 

1*667 

Carbon monoxide 

2* 15 

2-63 

1*405 

Oxygen 

2-33 

2-73 

1*401 


produce ignition in mixtures possessing similar thermal conductivities will 
increase as the value of y decreases. The thermal conductivities of all gases 
except helium employed in these experiments are of the same order of 
magnitude, as may be seen by reference to Table II which was compiled 
from values given in The International Critical Tables. The following order 
of compression ratios is to be expected for mixtures diluted to the same 
extent with carbon dioxide, nitrogen and argon 

^co a > > 

since the values of y increase in that order. 

When a mixture containing argon is replaced by one diluted to the same 
extent with helium, the value of y remains unchanged but the thermal 
conductivity may be increased as much as ninefold. In order to compensate 
for the increased dissipation of heat in the latter gases during the finite time 
required for compression, a greater degree of compression will be required to 
ignite mixtures containing helium than that necessary for similar mixtures 
diluted with argon. 

The verification of these deductions by the results of fig. 11 indicate that 
the fundamental cause of ignition is the local rise of temperature attending 
sudden compression. 

It will be observed that progressive dilution of a mixture of carbon 
monoxide and oxygen with nitrogen leaves the values of y and thermal 
conductivity practically unchanged, but nevertheless is accompanied by a 
slight decrease in the degree of compression required for ignition. This would 
seem to be explained in the following way. 
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As lower initial pressures of gas are used in the furnace, the excess pressure 
p — p 0 between the compressor bulb and the reaction vessel required to 
produce a given degree of compression R is also decreased, since 

P~Po * Po(- ft “ 1 )* 

As a result compression will take place more slowly when the initial pressure 
of the mixture is small and must be carried to a greater degree to compensate 
for the increased loss of heat during the operation. In a similar way the 



Fig. 12. Variation of compression ratio with hydrogen pressure. Initial pressure of 
2CO 4* O a constant at 100 mm. Hg. Pyrex reactiou vessel 27-0 mm. diameter. 
Temperature 480° C. 

increased dissipation of heat in vessels of smaller diameter may account for 
the results of fig. 10, which show that a greater degree of compression is 
required for ignition in a 16*7 mm. diameter vessel than in one of 27-Oxnm. 
diameter. 

The question arises whether the fluctuation of temperature during 
sudden compression is sufficient to ignite mixtures of carbon monoxide and 
oxygen containing no free radical derivatives of hydrogen. A partial answer 
is provided by the results of fig. 12 which show the variation of R with pres¬ 
sure of hydrogen in mixtures of constant initial total pressure. In mixtures 
containing no hydrogen—and therefore no free radicals formed from hydro¬ 
gen—ignition cannot be realized with the degrees of compression experi¬ 
mentally attainable. As the hydrogen concentration rises the compression 
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ratio decreases rapidly and becomes almost constant for concentrations of 
hydrogen exceeding 0*5 %. Furthermore, the results obtained by the ad¬ 
mission method indicate that self-compression of a mixture containing 
hydrogen produces ignition only when the initial portions of the gas have 
passed through the region in which free radicals can be formed rapidly by 
the low pressure branching mechanism. Unless this condition is fulfilled in 
the admission experiments the compressed portion of the gas will contain no 
centres from which reaction chains can start, and the temperature will revert 
to its normal value before adiabatic conditions can be imposed. 

However, as shown by the results of figs. 10, 11 and 12, ignition by com¬ 
pression can be realized in mixtures which have never passed through the 
region in which chain branching occurs, provided that sufficient time has 
elapsed for the attainment of a small equilibrium concentration of reaction 
centres. * 


Interpretation of results obtained by admission method 

We are now in a position to interpret in detail the curves obtained by the 
admission method. 

In fig. 13 is shown in general form the boundaries of ignition obtained by 
the “admission” and the “withdrawal” methods using mixtures of carbon 
monoxide and oxygen sensitized with hydrogen. During admission of 
mixtures containing some fixed percentage of hydrogen, the composition of 
the contents of the reaction vessel will move along a line OZ , first passing 
through the region OP in which chain branching is possible bythe mechanism 
responsible for the region of ignition obtained by the withdrawal method. If 
at the end of the sharing process the final pressure of the mixture is at 

X, inflammation occurs, 

F, no ignition takes place, 

Z, visible ignition reappears* 

While the contents of the furnace lie in the range of pressures from O to P 
an exponential increase of centres occurs by the chain branching mechanism, 
and after a time r the reaction velocity will exceed the critical value required 
for the establishment of adiabatic conditions. This induction period although 
too short to be measured by the present apparatus, is finite and of the same 
order as the time taken to establish the mixture in the reaction vessel. When 
the final pressure is destined to stop at a point such as X only slightly above 
P, the reaction chains will have been branching for a time long enough to 
establish adiabatic conditions. However, as the final pressure to which the 
mixture tends is increased, the contents of the reaction vessel will pass 
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through the region OP in a time less than r, after which chain branching will 
be suppressed and the concentration of reaction centres will settle down to a 
steady value below the requirements for ignition. By a further increase in 
the value of the final total pressure, the initial portions of the mixture con¬ 
taining centres produced during passage from 0 to P will be compressed at 
the remote end of the reaction vessel. If the local rise of temperature is 
sufficient, the intensity of chemical reaction involving those centres already 
present will be increased to such an extent that adiabatic conditions will be 
imposed once more, and ignition will spread out from that spot. The three 



cycles of low pressure ignition, intermediate stability and high pressure 
inflammation are depicted in fig. 14 by diagrams A, B and C respectively, in 
which centres of reaction are represented by dots and the full inking is 
intended to signify ignition. 

The value of the final total pressure at which self-compression first be¬ 
comes appreciable will depend to some extent on the geometry of the appara¬ 
tus, and will be made evident by a maximum or point of inflexion in the 
boundary of inflammation obtained by the admission method. All such 
curves obtained in the present apparatus which has remained unaltered in 
design, develop this tendency when the final total pressure of mixtures 
admitted suddenly to the reaction vessel exceeds about 100 mm. Hg. The 
higher the final total pressure is made above this value the greater becomes 
the degree of self-compression and local temperature rise in the compressed 
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portion of the gases, and the smaller is the number of reaction centres re¬ 
quired to establish adiabatic conditions. Accordingly, the minimum per¬ 
centage of hydrogen required for ignition by self-compression decreases with 
increasing total pressure, until the line OZ of fig. 13 becomes tangential to 
the boundary of ignition obtained by the withdrawal method. If the com¬ 
position of mixtures lies below this tangent no reaction centres will be present 
in the compressed portion of the issuing gases, and the temperature will 
revert to its normal value before adiabatic conditions can be imposed by 
chemical reaction, 

—■ 
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Fia. 14. The behaviour of mixtures of carbon monoxide and oxygen containing 
hydrogen admitted suddenly to a heated reaction vessel. A. Low-pressure ignition. 
B. Intermediate stability. C. High-pressure inflammation. 

Any factor which contracts the region of low pressure ignition will 
increase the slope of the tangent and alter the position of the boundary of 
ignition determined by the admission method. As shown in fig. 8 this may be 
accomplished by increased surface deactivation in reaction vessels of smaller 
diameter. Fig. 6 indicates that a similar result may be obtained by using a 
diluent gas such as carbon dioxide, which is known to be an efficient agent in 
three-body collisions in the gas phase. 

The very similar ignition boundaries represented in fig. 4 for mixtures 
diluted with nitrogen, oxygen and carbon monoxide respectively are con¬ 
sequent upon the almost identical thermal characteristics of these diatomic 
gases. Mixtures diluted with argon possess a small thermal conductivity and 
coefficient of diffusion combined with a large value of y, and give boundary of 
ignition situated at very low concentrations of hydrogen. 

The only anomalous results are those of fig. 5 provided by mixtures 
diluted with helium, which show no evidence of self-compression above 
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100 mm. Hg. Reference to the characteristics of helium given in Table II 
indicate that the following two factors, of which the second is the more 
important, may combine to produce this effect; 

(1) The rate of diffusion of free radicals to the wall of the reaction vessel 
through mixtures containing helium may be up to eight times that in similar 
mixtures diluted with nitrogen. 

(2) The thermal conductivity of helium is about six times that of any 
other gas examined, and will result in very rapid equalization of any fluctua¬ 
tions of temperature produced by self-compression. 

The form of the boundary of ignition shown in fig. 5 suggests that ignition 
in mixtures diluted with helium is obtained only when the initial portions of 
the gases admitted to the reaction vessel have been situated in the region of 
chain branching for a time sufficient to establish adiabatic conditions. 

It will be recognized that the form of the ignition boundary determined 
by the admission method is controlled by three factors: the rate of forma¬ 
tion of free radicals by isothermal branching chain processes during the early 
stages of admission of mixtures to the reaction vessel, the extent of the region 
in which branching chain reactions are possible and the temperature fluctua¬ 
tion accompanying a given degree of self-compression. The three diagrams 
of fig. 7 indicate that the final total pressure at which the effects of self- 
compression first become evident, as determined by the maxima in the 
curves obtained by the admission method, is nearly independent of tem¬ 
perature; on the other hand it will be seen that the minimum hydrogen 
pressure required to ensure ignition at a given final total pressure increases 
rapidly with decrease of temperature. In order that a given degree of 
self-compression should produce ignition it is evident therefore, that the 
minimum length of the interoept OP of fig. 13 must increase with decrease 
of temperature, and that; a longer time is necessary at lower temperatures 
for the formation of initial centres which, as explained above, occurs while 
the composition of the mixture in the reaction vessel is passing through 
the region to the left of the ignition curve obtained by the withdrawal 
method. It is concluded therefore, that the expansion of the region of 
stability observed by the admission method with reduction of temperature 
must be ascribed principally to decrease in the rate of formation of reaction 
centres during the early stages of admission of gases to the reaction vessel. 
This assumption not only explains the increase observed in the minimum 
hydrogen pressure required for ignition of mixtures admitted to the re¬ 
action vessel to values of the final total pressure above 100 mm. Hg 
as the temperature is reduced, but also would account for the closer 
approximation observed at lower temperatures between the boundary of 
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ignition determined by the withdrawal method and that determined 
by the admission method for values of the final total pressure below 
100mm. Hg.* 

Conclusion 

The results obtained support the view that ignition occurs in reactions of 
the chain type when chemical change becomes self-heating in a favourable 
volume element of the reaction vessel. The transition from slow reaction to 
explosion may be effected by alterations of temperature or composition 
which increase the probability of chain branching. In the temperature range 
characteristic of the low pressure explosion of hydrogen and oxygen, 
mixtures of carbon monoxide and oxygen containing hydrogen ignite by a 
branching chain mechanism which comes into operation abruptly below a 
critical pressure, the value of which increases with percentage of hydrogen 
and temperature. Alternatively, mixtures undergoing stable reaction above 
the upper pressure limit of explosion can be ignited by sudden compression, 
which may produce sufficient fluctuations of temperature to establish local 
branching chain reactions once more. On these assumptions a complete 
explanation can be given of the unique results obtained by the sudden 
admission of sensitized mixtures to the heated reaction vessel. 

While the exact nature of the branching mechanism is yet to be estab¬ 
lished, it appears to be similar in characteristics to that responsible for the 
explosion of hydrogen and oxygen. A further investigation of this matter 
will be described in the succeeding paper. 

The authors desire to express their thanks to Dr P. I. Dee and the Caven¬ 
dish Laboratory for a sample of pure deuterium, to the Royal Society and the 
Chemical Society for grants for apparatus, and to the Department of 
Scientific and Industrial Research and the Goldsmiths’ Company for 
maintenance grants to one of us. 

Summary 

In extending the research of other workers on the catalytic influence of 
hydrogen on the oxidation of carbon monoxide, it has been found that 
ignition in mixtures containing hydrogen occurs at temperatures more than 
150° C. below those of the pure gases, and is attended by complete com¬ 
bustion when the concentration of hydrogen exceeds about 0*5 %. The 
region of sensitized ignition is bounded by a lower pressure limit which was 

* See additional paragraph at the end of this paper. 
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not investigated in detail, and an upper pressure limit the dependence of 
which on temperature and hydrogen concentration was determined by the 
slow withdrawal of sensitized mixtures from the reaction vessel up to the 
point of explosion. 

Mixtures are stable above the upper pressure limit but may be ignited by 
sudden compression. A study of the minimum degree of compression re¬ 
quired to produce inflammation in mixtures containing different inert gases 
proved that although the initial presence of free radicals containing hydrogen 
was essential, the primary cause of ignition was the momentary rise of 
temperature accompanying sudden compression. 

It has also been found that mixtures containing a suitable percentage of 
hydrogen admitted suddenly to an evacuated reaction vessel ignite when the 
final pressure is only slightly greater than the upper limit determined by the 
withdrawal method, but for higher final pressures may be introduced with¬ 
out inflammation occurring. However, ignition reappears when the final 
pressure is further increased to values above lOOmm.Hg, due to approxi¬ 
mately adiabatic compression of the first portions of gas to enter the reaction 
vessel by the rapid influx of the remainder of the mixture. Owing to the 
momentary rise of temperature in the compressed portion of the mixture, 
ignition spreads out from reaction centres formed by chain branching pro¬ 
cesses operative during the early stages of admission. 

[Added 25 July , 1938. We have to thank Dr D. T. A. Townend for 
pointing out after completion of the present work, that White and Price 
( 1919 ) had found that the ignition temperatures of ether-air mixtures and 
carbon disulphide-air mixtures could be reduced from above 200 ° C. to room 
temperatures by admitting the mixed gases as suddenly as possible to an 
evacuated reaction vessel through a wide-bore tap. The ignition tempera¬ 
tures of acetone-air mixtures and oxy-hydrogen mixtures also were found to 
be below their normal values when determined by this method, and the 
authors suggested that ignition was due to the “shock” waves set up by 
abrupt alterations in the rate of flow of gas entering the reaction vessel. 
The more detailed experimental results of the present paper provide 
definite evidence that fluctuation of temperature rather than mechanical 
shock iB the fundamental cause of ignition in experiments of this type.] 
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A study of sensitized explosions 

III. The kinetics of ignition of carbon monoxide and 
oxygen sensitized by hydrogen 
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(Received 27 April 1938) 

Introduction 

The results of the preceding paper have revealed that in the presenoe of 
less than 1 % of hydrogen, mixtures of carbon monoxide and oxygen assume 
many of the characteristics of oxy-hydrogen mixtures. In both systems 
ignition is possible over the same range of temperatures, and in each case is 
confined between upper and lower pressure limits outside which the rate of 
reaction falls abruptly to small values. It is reasonable to suppose that the 
catalytic function of hydrogen is primarily to impose a branching mechanism 
on the carbon monoxide reaction similar to that which operates in the com¬ 
bustion of hydrogen itself, and that since in each case the region of ignition is 
situated in the same range of temperatures each reaction will be controlled 
by the same elementary temperature dependent process. 
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The object of the present work was to investigate the extent to which 
participation of carbon monoxide in the reaction chains alters the character¬ 
istics of the branching mechanism as revealed by a study of the upper pressure 
limit of ignition. 

The existing data on the hydrogen-oxygen reaction indicates that 
multiplication of chain carriers involves elementary reactions of high energy 
of activation, which are subject to deactivation in the presence of inert 
molecules (Sagulin, Kowalsky, Kopp and Semenoff 1930 ; Grant and 
Hinshelwood 1933 ), and it is concluded that ignition is suppressed above the 
upper pressure limit by a preponderance of ternary deactivating collisions 
over binary branching collisions. The value of the total pressure at which this 
occurs is practically independent of the nature and size of the reaction 
vessel (Thompson and Hinshelwood 1929 ), being determined only by the 
speeds and sizes of the various molecules involved in ternary collisions 
(Grant and Hinshelwood 1933 ). The value of the upper limit is displaced 
towards higher pressures as the temperature is increased in a manner given 
by an Arrhenius equation in which the energy of activation is 26,000 cal. 
according to Thompson and Hinshelwood ( 1929 ), and 24,200 cal. according 
to Frost and Alyea ( 1933 ). A similar value of 25,000 oal. obtained in mixtures 
of deuterium and oxygen indicates that the elementary reaction associated 
with this energy of activation does not involve the breaking of an H—H 
bond (Hinshelwood, Williamson and Wolfenden 1934 ; Frost and Alyea 
1934 ), although the values of the total pressure required to suppress ignition 
are generally higher in these mixtures owing to the smaller molecular velocity 
of deuterium compared with hydrogen. 

It has been found that ignition in the present system resembles that 
obtained in oxy-hydrogen mixtures in that the values of the upper pressure 
limits of ignition of mixtures of carbon monoxide and oxygen sensitized by 
hydrogen are not markedly affected by change of vessel diameter, and are 
displaced by the addition of inert gases to an extent which can be predicted 
satisfactorily from a knowledge of the velocities and sizes of the molecules 
involved. On the other hand the relation between the logarithm of the 
pressure limit and the reciprocal of the absolute temperature is more 
complex than the corresponding relation in the hydrogen-oxygen reaction, 
although it becomes linear in mixtures of constant hydrogen/carbon 
monoxide ratio when the concentration of hydrogen is less than about 2 % t 
Under these conditions the apparent energy of activation of the branching 
mechanism, as deduced from the slope of the linear portions of these curves, 
is only 13,300 cal.—approximately one-half the value obtained by Thompson 
and Hinshelwood ( 1929 ), using mixtures of pure hydrogen and oxygen. 
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A similar value for the energy of activation is obtained in mixtures sensitized 
by constant small percentages of deuterium, although in this case the 
pressure limits of ignition are lower than those obtained in mixtures contain¬ 
ing the same percentage of hydrogen. 

These results indicate that while ternary collisions undoubtedly control 
the upper pressure limit of ignition in these mixtures, the presence of carbon 
monoxide introduces additional chain-ending mechanisms which are not 
present in the hydrogen-oxygen reaction. Any detailed kinetic mechanism 
proposed for the ignition of carbon monoxide and oxygen sensitized by 
hydrogen must be based on the series of elementary reactions adopted to 
account for the characteristics of mixtures of pure hydrogen and oxygen. 
The various possible mechanisms for the latter have been exhaustively 
investigated by Kassel and Storch ( 1935 ) and von Elbe and Lewis ( 1937 ), 
who have evolved a self-consistent scheme which has been taken as the basis 
of the present detailed mechanism. 

In the discussion which follows the experimental part of this paper it will 
be seen that the differences between these two closely related reactions can 
be satisfactorily explained by one additional chain-ending process introduced 
by carbon monoxide which competes with a chain-branching reaction in¬ 
volving molecular hydrogen, and that while stable compounds of hydrogen 
may supply chain carriers necessary for the propagation of reaction chains in 
carbon monoxide and oxygen, they cannot effect continued branching which 
is obtained only in the presence of molecular hydrogen. It thus follows that 
only hydrogen combines the dual function of lowering the temperature of 
ignition, and catalysing the propagation of the flame. 


Experimental method 

The apparatus, preparation of gases and experimental procedure were 
identical with those described in the preceding paper. It was found that precise 
measurement of ignition limits by the withdrawal method was rendered 
difficult at the highest temperatures used by an appreciable rate of oxidation 
prevailing in sensitized mixtures above the upper pressure limit of explosion. 
Even in vessels “poisoned” by previous rinsing with potassium chloride 
solution, it was necessary above 550° C. to reduce the time allowed for the 
attainment of uniform composition to 30 sec., to avoid appreciable reduction 
in the small percentages of hydrogen during manipulation of the gases. 
Nevertheless, by this means it was possible to reproduce results within 5 % 
even at 570° C., giving adequate experimental accuracy for the deductions 
later to be made. 
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Experimental results 

Effect of vessel diameter . The limits of ignition of mixtures of 2CO + 0 a 
containing different concentrations of hydrogen were determined at 540° C. 
by the withdrawal method in a number of pyrex reaction vessels each 20 cm. 
long with diameters ranging from 7*0 to 37*5 mm. The three curves shown in 



Fig. 1. The variation of ignition limits obtained by the withdrawal method with 
hydrogen pressure using sensitized mixtures of 2CO + 0 2 . Temperature 545° C. 
pyrex reaction vessels 20 cm. long and diameters 7*0, 27*0 and 37*6 mm. respectively. 


fig. 1 indicate that some lowering of the upper pressure limit to ignition 
occurs in the smaller vessels, although several factors may contribute to this 
result. While these curves indicate that the vessel diameter may have some 
kinetic effect on the upper pressure limit in mixtures containing small 
quantities of hydrogen, the increased rate of heterogeneous reaction as the 
surface/volume ratio is increased, and the greater difficulty of attaining 
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uniform composition, may both combine to reduce the value of the limit in 
narrow vessels by reducing the hydrogen concentration. The ignition limits 
in different vessels tend to a constant value when the concentration of 
hydrogen exceeds 1 %, and the absence of any marked effect of vessel 
diameter, such as is observed in the combustion of hydrocarbons (Norrish 
and Foord 1936 ; Spence 1932 ), indicates that the branching mechanism is 
not of the ** degenerate” type, and does not depend on the production of 
stable intermediaries. 

The effect of temperature. By adding the components in the correct order, 
sensitized mixtures of 2 CO + 0 2 were made directly in the reaction vessel, to 
give gases containing concentrations of hydrogen fixed at 10 , 2 , 1 , 0*5 and 
0*25 % respectively. The limits of ignition obtained by withdrawing such 
mixtures to the point of explosion are recorded in Table I for a range of 
temperatures between 480 and 560° C., each limit representing the mean of 
three consecutive results differing by not more than 5 %. In mixtures con¬ 
taining 10 % hydrogen the explosions were audible and accompanied by the 
red flame characteristic of oxy-hydrogen ignition, while in contrast the 
explosions of mixtures containing 0*25 % hydrogen were very feeble and 
could not be detected by the withdrawal method below 520° C. 


Table I. Ignition limits obtained by withdrawal method in 

MIXTURES OF 2CO + 0 2 CONTAINING CONSTANT PERCENTAGES OF 
HYDROGEN 

Pyrex reaction vessel 27*0 mm. diameter. 

Ignition limits mm. Hg 

Temperature , - A --- % 


°c. 

10 % 

2 % 

1 % 

0-5% 

0*25% 

560 

— 

134*0 

108-8 

96*6 

79*0 

550 

— 

123-0 

100-5 

85-8 

71*2 

540 

137*7 

111*8 

89-8 

78-0 

65*6 

530 

121*1 

300*7 

83-9 

72-4 

04*9 

520 

109*0 

87*7 

75-9 

63*0 

53*5 

510 

93*1 

75*5 

07-8 

58*3 

—. 

500 

75*1 

56*9 

54*7 

47-9 

— 

490 

— 

40-2 

— 

— 

— 

480 

44*3 

— 

— 

— 

— 


The form of the graph shown in fig. 2 between the reciprocal of the 
absolute temperature and the logarithm of the pressure limit gives evidence 
of a kinetic mechanism which is complex in mixtures containing more than 
2 % hydrogen, but which simplifies to a linear relation when the concentra¬ 
tion of hydrogen is below this value. The apparent energy of activation E of 
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the branching prooess may be derived from the slope of these curves by 
means of the equation 

dlog fl P E i0 _ 0 , 

d(ij¥) “ R 9 * 9 * 8 ) 

where P = pressure limit of ignition, T = temperature of ignition limit 
(°ahs.). It is seen that the value of E becomes practically independent of 
temperature and composition in mixtures containing less than 2 % hydrogen, 



Fig. 2 . The temperature coefficient of ignition limits obtained by withdrawal method 
in mixtures of 2CO 4- O t containing constant percentages of hydrogen. Pyrex reaction 
vessel 27*0 mm. diameter. 
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and possesses a value of 13,100 cal. deduced from the slope of the linear 
portions of these curves. 

Sensitization by deuterium. Two standard mixtures of carbon monoxide 
and oxygen containing identical concentrations of hydrogen and deuterium 
respectively were used in conjunction with pure 2CO + 0 2 to compare the 
values of the ignition limits obtained by the withdrawal method in mixtures 
containing the same percentage of each form of hydrogen. A number of 
such limits obtained at 483, 520 and 552° respectively are recorded in order 
of decreasing percentage of sensitizer in Table II, which Bhows that the 


Table II. Ignition limits obtained by withdrawal method in 

MIXTURES OF 2CO + 0 2 SENSITIZED BY HYDROGEN AND DEUTERIUM 
Pyrex reaction vessel 27*0 nun, diameter. 

Ignition limits mm. Hg 



Percentage 

Hydrogen 

Deuterium 


Temperature 

hydrogen or 

sensitized 

sensitized 


°C. 

deuterium 

Pi 

r* 

rjr* 

483 

5**22 

60*2 

44*0 

1*37 


4*03 

56*3 

40*7 

1*38 


3*55 

56*1 

40*3 

1*39 


2*87 

52*8 

37*6 

1*40 


2*32 

47*4 

33*2 

1*43 


1*28 

37*9 

26*5 

1*43 

520 

3*81 

94*6 

69*3 

1*30 


3*32 

86*0 

63*0 

1*37 


2*83 

85*0 

61*2 

1*39 


2*21 

82*9 

59*6 

1*39 


M0 

61*0 

43*6 

1*40 


0*94 

56*5 

38*3 

1*46 

552 

2*65 

124-5 

88*0 

1*41 


2*18 

114*2 

81*6 

1*40 


1*95 

111-8 

79*0 

1*41 


1*65 

105*5 

71*9 

1*47 


1*33 

101*5 

70*0 

1*45 


0*87 

90*5 

03*0 

1*43 


0*50 

80*0 

60*2 

1*33 


ignition limits of mixtures containing deuterium are definitely lower than 
those obtained using the same percentage of hydrogen. The ratio of the latter 
values to the former is approximately constant at 1-42 and shows no 
systematic variation with temperature, although it decreases slightly when 
the concentration of sensitizer exceeds about 3 %. 
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Table III. Ignition limits obtained by withdrawal method in mix¬ 
tures OF 2C0 + 0 2 CONTAINING 0-5% HYDROGEN AND DEUTERIUM 
RESPECTIVELY 

Pyrex reaction vessel 27-0 mm. diameter. 

Ignition limits mm. Hg 


Temperature 

°C. 

Hydrogen 

sensitized 

Pi 

Deuterium 

sensitized 

P* 

PJPi 

560 

96-6 

67*6 

1*43 

550 

85* S 

59*5 

1*44 

540 

78*6 

54*9 

1*43 

530 

72*4 

50*7 

1*43 

520 

630 

45*0 

1*40 

510 

58*3 

41*5 

1*41 

500 

47*9 

36*3 

1*31 



Fig. 3. Temperature coefficient of ignition limits obtained by withdrawal method in 
mixtures of 2CO + 0, containing 05 % hydrogen and deuterium respectively. Pyrex 
reaction vessel 27*0 mm. diameter. 0 Sensitisation by hydrogen. & Sensitization by 
deuterium. 

The relative catalytic effects of hydrogen and deuterium are shown to 
greater advantage in Table III, Which records the ignition limits of mixtures 
containing 0-5 % hydrogen and deuterium respectively at a number of 
temperatures between 500 and 560°. The relations between the reciprocal of 
the absolute temperature and the logarithms of these ignition limits are well 
represented by two parallel straight lines, the separation of which confirms 
the results of the preceding paragraph in assigning a value 1 ‘42, independent 
of temperature, to the ratio of the pressure limits of ignition in mixtures 


2I-3 
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containing the same percentages of hydrogen and deuterium respectively. 
The similar gradients of these lines indicate that the apparent energies of 
activation of the branching mechanisms involving hydrogen and deuterium 
are identical, and possess the value 13,500 cal., which is in satisfactory 
agreement with the result 13,100 cal. obtained in the preceding section. 

The effect of inert gases. For an accurate comparison of the efficiencies of 
different inert gases in suppressing the ignition of a complex system of three 
reactive components it seemed desirable to determine the ignition limits of 
mixtures containing constant partial pressures of carbon monoxide, oxygen 
and hydrogen. Since the withdrawal method could not be used for the 
measurement of ignition limits under these conditions, the following 
procedure was adopted. Purified inert gas was added to 50*0 mm. Hg of 
pure 2 CO + 0 2 in the reaction vessel until the total pressure approximated 
to the value of the ignition limit, and after the mixture had attained uniform 
composition a small extra quantity of inert gas was added containing 
2*0 mm. Hg of hydrogen. Addition of the last component was followed after 
about 5 sec. either by slow reaction or complete ignition, and by repeated 
experiments the minimum partial pressure of inert gas required to suppress 
ignition could be determined within 0*5 mm. Hg. The results obtained using 
argon, helium, nitrogen and carbon dioxide in turn are recorded in Table IV 


Table IV. Effect of inert gases on the ignition limits 

Pyrex reaction vessel 27*0 mm. diameter. 

Concentration of 2CO + O a = 50*0 mm. Hg. 
Concentration of hydrogen = 2*0 ram. Hg. 


Partial pressures of inert gases at limit mm. Hg 


Temperature 





°C. 

Argon 

Helium 

Nitrogen 

Carbon dioxide 

585 

145*0 

106*2 

103*2 

60*1 

675 

132*8 

99*5 

94*8 

53*9 

565 

117*5 

90*7 

86*5 

48*3 

555 

105*1 

80*6 

76*7 

42*9 

545 

92*6 

69*8 

66*4 

38*2 

535 

77*4 

68*8 

54*9 

30*9 

525 

58*3 

48*8 

42*2 

24*0 


for a series of temperatures between 585 and 525° C. in a pyrex reaction 
vessel 27*0mm. diameter. 

The order of effectiveness of these inert gases in suppressing ignition at the 
upper pressure limit of explosion is therefore 


C0 2 > N a > He > A, 
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which is similar to the results obtained by van Heiningen ( 1936 ) in a study 
of the influence of A, N 2 , He and C0 a on the limits of inflammability of 
H a , CO, CH 4 and butane in air using spark ignition* An analysis of the table 
reveals that the ratio of the partial pressure of one inert gas to another in the 
limit mixtures is approximately constant over this temperature range as 
shown in Table V, in which argon has been taken as the standard with which 
to compare the effects of helium, nitrogen and carbon dioxide. A further 
examination of these figures will be made after the kinetic mechanism of the 
reaction has been developed. 


Table V 


Temperature 

°C. 

Pa/Pb< 

585 

1*36 

575 

1-33 

565 

1*30 

555 

1-30 

545 

1-32 

535 

1-31 

525 

1*20 

Means 

1*30 


Pa/P' s 1 

Pa/Pc o, 

1*30 

2*42 

1*40 

2*46 

1-86 

2*43 

1-37 

2*45 

1-39 

2*42 

1-41 

2*50 

1*37 

2*43 

1*385 

2*44 


Discussion 

The results of the present work and the relevant observations of the pre¬ 
ceding paper may be summarized as follows: 

( 1 ) The ignition temperatures of carbon monoxide and oxygen are lowered 
more than 150° C. in the presence of less than 1 % of hydrogen to those 
characteristic of the explosion of pure hydrogen and oxygen. 

( 2 ) Ignition sets in abruptly below a critical pressure and is never pre¬ 
ceded by measurable induction periods. 

( 3 ) The values of the upper pressure limits of ignition obtained by the 
withdrawal method are not markedly affected by wide variations in the 
diameter of the reaction vessel. 

(4) In mixtures containing more than 2 % of hydrogen the apparent 
energy of activation of the upper pressure limit varies in a complex maimer 
with temperature and composition, but when the percentage of hydrogen is 
below this amount the energy of activation attains a constant value of 
approximately 13,100 cal. 

(5) The apparent energy of activation of the upper pressure limit of 
ignition of mixtures containing 0*5 % of deuterium is 13,500 cal. 
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(fl) The ratio of the values of the upper pressure limits of ignition of 
mixtures containing the same percentage concentrations of hydrogen and 
deuteri um respectively is independent of temperature and attains the value 
1-42 in mixtures containing less than 2 % pf either form of hydrogen. 

( 7 ) The effectiveness of different inert gases in suppressing the ignition of 
mixtures of oarbon monoxide and oxygen containing hydrogen iB in the 

order C0 2 > N 2 > He > A, 

while the ratio of the partial pressures of any pair of inert gases required to 
prevent ignition of mixtures containing fixed concentrations of reactive 
gases is approximately constant over the range of temperatures from 525 to 
585°. 

Prom the facts enumerated above it may be concluded that molecular 
hydrogen, besides supplying those free radicals essential for self-propagating 
reaction chains in mixtures of carbon monoxide and oxygen, also introduces 
a branching mechanism which operates at temperatures far below those 
required to maintain the branching chain reactions responsible for the 
ignition of the pure gases. Since the region of sensitized ignition of carbon 
monoxide is situated in the same range of temperatures as the explosion of 
hydrogen and oxygen, the same chain branching processes will occur in both 
systems, and any kinetic mechanism proposed for the latter must also apply 
to the present reaction, being modified only to the extent of including 
additional chain propagating and chain-ending reactions involving carbon 
monoxide molecules. While the kinetic formulae developed to account for 
the behaviour of a system of three reactive components will be necessarily 
complex, the experimental results indicate that a simplification is to be 
expected when the concentration of hydrogen becomes small. 

General conditions of ignition. As has beenshown in the previous paper, the 
general equation representing the rate of increase of centres in a chain 
reaction is given by , 

(Semenoff 1932 , modified by Foord and Norrish 193 s) 

where 6 ® rate of production of chain carriers by primary processes, 
<j> — difference between the probabilities of branching and deactivation 
exclusive of self-neutralization, Sn 2 * rate of destruction of chain centres by 
self-neutralization processes. The transition from slow reaction to ignition in 
a chain reaction is best studied in a system such as that of hydrogen and 
oxygen sensitized by nitrogen peroxide (Foord and Norrish 1935 ) in which 
the probability of ohain branching is small and under precise control. It has 
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been found by these authors that a positive value of (f> is not necessarily the 
general criterion for ignition, since when <f> is small the initial exponential 
increase of chain centres may be arrested by self-neutralization processes, 
and the system may settle down to a stable reaction consequent upon a small 
equilibrium concentration of chain centres. Ignition sets in when the 
intensity of reaction exceeds a critical value required to impose adiabatic 
conditions in some favourable volume element of the reaction vessel, a 
condition which is attained when <j) > where the value of <f> c is small, 
positive and dependent to some extent on the dimensions of the system. 

On the other hand, the characteristics of many chain reactions, especially 
the explosion of unsensitized hydrogen and oxygen, are described by ex¬ 
pressions for <p which change rapidly from negative to positive values with 
slight alteration of temperature or composition. In such systems the range 
of conditions in which increases from zero to the small positive value 
required for ignition is so contracted as to be beyond experimental investiga¬ 
tion, and although the ultimate cause of ignition may he a disturbance of 
thermal equilibrium, the formal condition may be given without serious 
error as 

There is every indication that this condition controls ignition in the present 
reaction. In particular, it has been found impossible to adjust experimental 
conditions to give any appreciable induction periods; at the upper pressure 
limit studied by the withdrawal method there is an abrupt transition from 
slow reaction to immediate ignition with no intervening region in which the 
velocity of chemical change increases with decrease of pressure. 

Chain mechanisms . While the characteristics of many chain reactions can 
be satisfactorily described by a purely formal treatment without assuming 
any specific mechanism, an accurate comparison of two systems so closely 
related as the present one and that of hydrogen and oxygen can be achieved 
only through a study of the possible elementary reactions involved. A 
systematic mathematical investigation of the hydrogen-oxygen reaction 
undertaken by Kassel and Storch ( 1935 ), and later completed by von Elbe 
and Lewis ( 1937 ), revealed that the most satisfactory detailed kinetic 
mechanism capable of accounting for the characteristics both of the slow 
reaction and the region of low-pressure explosion could be constructed on 
the following fundamental reactions: 


Chain branching 

H + 0 a = 0H + 0, 

(I) 


0 + H a - OH + H. 

(II) 

Chain propagation 

OH + H a = H a O + H. 

(HI) 

Chain ending 

H + O a + Jif = HO a +Jf. 

(V) 
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The first reaction is endothermic to the extent of about 13,000 cal. and has 
a high energy of activation, while the second, although not proceeding at 
every collision (Kistiakowsky 1930 ), isexothermic and of sufficient efficiency 
to exclude any other reactions involving O atoms. All OH groups produced by 
these two reactions undergo reaction III, while the majority of H atoms are 
removed by the last reaction, which, as has been shown by the work of Cook 
and Bates ( 1935 ), Farkas and Sachsse ( 1934 ) and Bodenstein and Schenke 
( 1933 ), proceeds only by triple collisions. An essential feature of the theory is 
that HO a radicals should possess considerable stability, and at the relatively 
low pressures of the region of ignition should be destroyed at the vessel wall 
without continuing the reaction chains. At the higher pressures character¬ 
istic of the slow reaction these radicals may exist for a sufficient time in the 
gas phase to undergo reaction with hydrogen according to one of the 
equations HO, + H, - H,0, + H 

or H 0 , + H I -H,0 + 0H, 

but these chain-propagating reactions need not be considered in a treatment 
of the region of low-pressure explosion. 

Since the only chain carriers involved at these temperatures are O, H and 
OH, the presence of carbon monoxide can introduce no more than the 
following two reactions: 

C0 + 0H = C0 2 + H, (IV) 

0 + C0 + Jf-C0 2 + Jf. (VI) 

Reaction IV, which was proposed by Haber, Farkas and Harteck ( 1930 ) as 
one of the essential reactions in the oxidation of moist carbon monoxide, is 
supported by the work of Bonhoeffer and Haber ( 1928 ), on the spectrum of 
the flame of moist carbon monoxide, and constitutes a chain link very similar 
to reaction III. A study of the photochemical oxidation of carbon monoxide 
by Harteck and Kopsch ( 1931 ), Harteck and Geib ( 1932 ), Jackson ( 1934 ), 
and Groth ( 1937 ) reveals that reaction VI, which is exothermic to the 
extent of about 127,000cal., possesses only a small energy of activation 
approximating to 1-8 cal. Although the ratio of binary to ternary collisions 
in a gas at atmospheric pressure is of the order of 10 3 , a reaction as efficient as 
VI will constitute a probable alternative to reaction II when the concentra¬ 
tion of hydrogen is small. Chain branching in the present system therefore 
is controlled by ternary collisions at two separate links in the reaction chain 
as follows: 

H + 0* = 0H + 0, (I) 

H + O a + Jf-H0 2 +if, (V) 


and 


0 + H a -OH + H, (H) 

o+eo+if» co a +if, (Vi) 
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whereas in the hydrogen-oxygen reaction branching is conditioned only by 
the rates of reactions I and V. 

The mathematical theory based on this fundamental distinction between 
the two reaction mechanisms provides a complete explanation of the experi¬ 
mental results obtained, and reveals important numerical relations between 
the apparent energy of activation of the upper limits of ignition in the two 
systems, and between the relative effects of hydrogen and deuterium in the 
present reaction. 

Theory of reaction kinetics 

All the important experimental results of this paper have been concerned 
with the upper pressure limit of ignition, which is controlled principally by 
chain-branching and chain-ending reactions in the gas phase. In the first 
instance, therefore, the destruction of reactive species at the vessel wall, 
which is responsible for the lower pressure limit of ignition and which may 
have some kinetic influence on the upper limit in mixtures of small hydrogen 
concentration at low total pressures, will be neglected in the following 
treatment. On the basis of the foregoing discussion the following series of 
reactions are proposed to account for the upper pressure limit of ignition in 
mixtures of carbon monoxide and oxygen containing hydrogen. 

(a) Chain initiation. The first chain centres, which may be taken as H 
atoms, are assumed to be formed by primary processes either in the gas 
phase or at the surface. Provided such processes are not excluded com¬ 
pletely, their mechanism and velocity are not important in determining 
the position of the limits of ignition. 


(6) Chain branching. 

H + O a = OH-fO 

(*i). 

(I) 

0 + H a = OH + H 

(^2)* 

(II) 

(c) Chain propagation. 



OH + Hj - H a O + H 


(III) 

OH + CO = CO a + H 

(*4). 

(IV) 

(d) Chain ending. 

H + O a + if = HO a + if 


(V) 

O + CO + if - CO a + if 

<*.)• 

(VI) 


M represents any molecular species in the system and may be 0 a , H a , CO or 
inert gas molecules. It is assumed that HO a is destroyed without continuing 
the reaction chains. 
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It is then easy to deduce from this series of reactions that the rate of 
production of H atoms is given by 


d[ H] 
dt 


which is of the form 


«0+ j- 

l 1 


+ 


I 

fc«[CO] M ~ k * M 
^ 2 ^ 2 ] 


[H][0 2 ], 


(VII) 


dn 

dt 




where <f> is the effective probability of chain branching. 

It may readily be shown that the rate of production of water and carbon 
dioxide is dependent on the H-atom concentration according to the equation 

|{[Cf0 2 ] + [H 2 0]} = 2fcj[H] [0 2 ]. (VIII) 


It follows that the ignition limits are described by the value of <f> in 
equation VII which controls the rate of increase of H-atom concentration. 
Assuming that the transition from slow reaction to explosion on reduction 
of pressure occurs when <f> ~ 0, the conditions at the ignition boundary will 
be given by 



where k x is the only quantity subject to considerable variation with tem¬ 
perature. 

As [CO]/[H 2 ] is varied from 0 to 00 , equation IX simplifies to three special 
oases, each of which has been realized in practice: 

(1) The upper pressure limit of mixtures of hydrogen and oxygen con¬ 
taining no carbon dioxide may be described by the equation 

2k 1 ^k,M ) (X) 

which, as shown by von Elbe and Lewis ( 1937 ), is in full agreement with the 
existing experimental data. 

(2) When the percentage of hydrogen is small, the first term on the right- 
hand side of equation IX is negligible compared with the second, and the 
boundary of ignition may be described by the equation 


2 k x 


k*k B M*[CO] 


(XI) 


(3) When the mixtures contain no hydrogen, the value of the effective 
branching factor in equation VII is negative for all values of the total 
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pressure, and ignition becomes impossible. However, equation VIII indi¬ 
cates that slow reaction is still possible in such mixtures if H atoms are 
supplied through the decomposition of compounds of hydrogen such as 
water, alcohol, etc. 

The effect of concentration of hydrogen . By rearrangement of equation IX 
it may be shown that the variation in value of the tipper pressure limit of 
ignition with concentration of hydrogen is given by 


2 k 2 (2k^\MY 


(XII) 


The quantities k s M and k$ M each represent the sum of separate terms for 
the various molecular species involved in ternary collisions. For instance, 


U H] [OJ M = [H] [O j {Z o# [0 2 ] + Z co fCO] + Z H# [HJ 4- Z x [X]}> 

where X may be any inert gas molecule, and Z Xl etc., represent the number 
of ternary collisions per second involving H, 0 2 and X at unit partial pressure 
of X . In the present experiments the variation of the pressure limit of 
ignition obtained by the withdrawal method with concentration of hydrogen 
has been studied in mixtures of 2C0 + O a containing no inert gas and not 
more than 3 % of hydrogen. Under these conditions each of the quantities 
k $ M and k 6 M will be given by expressions of the form 


k h M = P{JZ 0a + |Z 

co}» 

KM - P{\Z' 0 ^IZ’ C0 ), 

where P is the total pressure, and Z ' Qt , etc., are quantities similar to Z Qi 
except that O and CO are involved in the ternary processes in place of H and 
0 2 . Substitution of these expressions in equation XII leads to the following 
relation between the concentration of hydrogen and the total pressure at the 
boundary of ignition obtained by the withdrawal method in mixtures of 
2CO -f O a containing small percentages of hydrogen: 


H, ■ r=TT’ (Xlla) 

where k 7 and i fc 8 are independent of temperature and pressure, while k u 
as previously mentioned, has a large temperature coefficient. The curves 
derived from this equation are of the same form as those determined by the 
withdrawal method for the upper limit of ignition, shown in fig. 2 of the 
preceding paper. This may be seen by reference to fig. 4 in which experi¬ 
mental values from fig. 2 of the preceding paper for the upper limit of 
ignition at 545° C. have been plotted beside the curve derived from 
equation XIIo taking kjk a * 120 and k 7 /k a = 4-58 x 10 -6 . 
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The effect of temperature . The preceding equations lead to the fol¬ 
lowing dependence on temperature of the upper pressure limit of ignition 
obtained by the withdrawal method in mixtures of 2C0-f0 2 sensitized 
by hydrogen; 

k 9 e~~ ElliT = k 8 P + k 7 P 2 , where k $ e~ XfitT = k v (XIII) 

LhisJ 



Pm. 4 


This equation gives linear relations between log P and l/T for the limiting 
cases in which either term of the right-hand side is negligible compared 
with the other. In mixtures of oxygen and hydrogen containing no carbon 
monoxide the elope of the line is given by 

dlog^P E 
d(ljT) ~R' 

In mixtures of oxygen and carbon monoxide containing constant small 
percentages of hydrogen the second term of equation XIII becomes the more 
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important, especially at high total pressures, and the variation of log P and 
IjT may be written 

d\og e P E 

d(\ff) = 2iT 

The apparent energy of activation of the upper pressure limit of ignition 
may therefore be expected to decrease from E to as the composition 
changes from pure oxygen and hydrogen to that of mixtures of carbon 
monoxide and oxygen containing only very small percentages of hydrogen. 

These deductions are confirmed in a striking way by the graphs between 
log P and 1 IT shown in fig. 2 , in which it is seen that the slope is con- 
tinuously variable in mixtures containing 10 % of hydrogen, but becomes 
linear over an increasing range of temperatures as the concentration of 
hydrogen is reduced from 2 to 0*25 %. Furthermore, the average value of 
the apparent energy of activation deduced from the linear portions of these 
curves and that of fig. 3 is 13,300 cal., which is approximately one-half the 
figures 26,000 cal. given by Thompson and Hinshelwood ( 1929 ) and 24,200 
cal. obtained by Frost and Alyea ( 1933 ) for the energy of activation of the 
upper pressure limit of ignition of mixtures of oxygen and hydrogen. So 
close an agreement between theory and experiment confirms the view that 
carbon monoxide itself does not Introduce any chain-brandling reactions at 
these temperatures, but is restricted to the propagation and ending of 
chains by processes with small temperature coefficients. 

Sensitization by deuterium. The velocity constant k of any elementary 
reaction is given by 

k « 2) 7 T(r* <J(u\ + u\) e-ww, (XIV) 

where cr = collision diameter of the colliding particles, u x and = root mean 
square velocities of reactants, S =» steric factor of reaction, E = energy of 
activation. A comparison of the effects of deuterium and hydrogen in the 
present reaction involves examination of changes in individual velocity 
constants brought about by alterations in u x and E\ 8 , cr and u 2 remaining 
unchanged. 

The limiting cases of equation IX for the limits of ignition in oxy-hydrogen 
mixtures and mixtures of carbon monoxide and oxygen containing small 
quantities of hydrogen respectively may be written 

M - 2 — (XV) 


and 


-“v* 8 [cor 


(XVI) 
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It has been assumed that the only elementary reaction with a marked 
temperature coefficient is 

H + O a =» OH4*0, (4j) (I) 

and it is to be expected on theoretical grounds that the corresponding 
reaction with deuterium atoms should possess a similar energy of activation, 
since no rupture of H—H or D—D bonds is involved. This is supported 
both by the results of the present work and those of Frost and Alyea ( 1934 ) 
and Hinshelwood, Williamson and Wolfenden ( 1934 ) in which it is seen that 
the apparent energies of activation of the upper pressure limits of ignition 
are not affected by substitution of deuterium for hydrogen. 

From a study of the photochemical oxidation of hydrogen and deuterium 
iodides it has been Bhown by Cook and Bates ( 1935 ) that'the efficiencies of 
ternary collisions in the formation of H0 2 and DO a are identical, and, in 
addition, it is to be expected that the ratio of binary collisions in reaction I to 
ternary collisions of the type 

H 4 O a 4 - Af =* H0 2 4 - M (k 6 ) (V) 

will be the same for deuterium atoms under otherwise identical circumstances, 
provided that the third bodies represented by M are the same in each case. 
In mixtures of carbon monoxide and oxygen containing only about 1 % of 
sensitizer, therefore, the quantity kjk & is not affected by substitution of 
deuterium for hydrogen, although this does not apply to mixtures of 
2H a 4 * O a and 2D a 4 O a owing to the smaller molecular velocities of deuterium 
molecules entering into ternary collisions in the latter system (Hinshelwood, 
Williamson and Wolfenden 1934 ). 

The value of k % in the reaction 

O 4 CO 4 M » C0 2 4 M (jfe 6 ) (VI) 

will evidently be the same in mixtures of carbon monoxide and oxygen 
containing Bmall percentages of hydrogen and deuterium respectively, since 
the proportion of ternary collisions involving hydrogen or deuterium 
molecules is negligible. 

A comparison of the reactions 

0 + H a ~0H + H (*,) (II) 

and 0 4 * D 2 » OD + D (&i) (Ila) 

is more difficult owing to scarcity of information on the respective tempera¬ 
ture coefficients. The energy of activation of any reaction is given by the 
difference between the potential energy of the intermediate activated. 
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oomplex and the zero-point energies of the reactants. If it be assumed that 
the potential energies of the activated complexes (OHH) and (ODD) are 
identical, the difference between the energies of activation of reactions IIa 
and II will be given by the difference in zero-point energies of H 2 and D a 
respectively, namely 1800 cal. (Urey and Teal 1935 ). However, in view of the 
fact that many activated complexes themselves appear to possess zero- 
point energy, this figure is probably too high, and may be reduced to as 
little as 400 cal. if it be assumed that the difference in potential energies of 
(OHH) and (ODD) is equivalent to the difference in zero-point energies of 
OH and OD. Home evidence may be provided by the work of Wynne-Jones 
( 1936 ) on the ionic products of H 2 0 and D a O, in which it was calculated that 
the difference in free energy of the two reactions 

D-f OD ~ D a O, 

H + OH * H a O, 

was 970 cal. Although these small differences in energy of activation play a 
part in fixing the absolute value of they will not produce in it any 
appreciable variation with temperature in the region of 800° abs. used in 
these experiments. 

Assuming that the relative masses of H 2 , O and D 2 are 2 , 16 and 4 re¬ 
spectively, the value of kjk^ derived from equation XIV is given by 

- //\ pAKIRT _ 1.04 pAEIRT 

*i VlA+ir ’ 

where AE = difference in energies of activation of reactions IIa and II 
respectively. The foregoing analysis of all the constants involved in equation 
XVI indicates that the ratio of the upper pressure limits of ignition in 
mixtures sensitized by the same percentage of hydrogen and deuterium 
respectively is given by 

P - 7(1;) - 

The calculated values of PjP' at 530° C. for AE «= 0 , 400, 970 and 1800 cal. 
are 1-16, 1*31, 1-57 and 2*04 respectively compared with the value 1-42 to 
which the observed ratio tends for small percentages of hydrogen and deu¬ 
terium. A further calculation shows that for AE ■* 970 cal. the variation in 
PjP' from the mean value over the temperature range studied could not be 
more than ^ %, which is less than the experimental errors involved in 
determining the ignition limits. 
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It may be concluded therefore that the relative effects of hydrogen and 
deuterium in this reaction may be explained by the slower rate of the ele¬ 
mentary process II a compared with II, due to a smaller collision number and 
a difference of about 800 cal. in the energies of activation. This satisfactory 
agreement between theory and experiment justifies the many assumptions 
involved and provides strong support to the kinetic mechanism adopted. 

The effects of inert gases . In mixtures of carbon monoxide, oxygen and 
inert gas X , containing small quantities of hydrogen, it has been shown that 
the upper pressure limit of ignition is given by 


2k x k % 


[HJ 

[CO] 


{z 0t m +Z oo [C0]+ Z x [X]} {Z'cJOJ+ Z'ool CO]+ Z' x [1]}, 

(XVII) 


where the two terms on the right-hand side replace the quantities k s M and 
& 0 M respectively in equation XI. The collision constants are given by 
equations of the form 


z x 

Zx 


* 2 < 7 2 1 

IfanRTi 


), 

V 

= 2(T a i 

\ ’ 
l[2nRT( 

\m mj 

f‘l 1 

— -1—- 

1 

)). 

V 

l ' 

m x 

1) J 


(XVIII) 


where m and m' are the masses of HO a and CO a respectively and m x is the 
mass of the third molecule X , <r 2 and cr' 2 are defined as the effective cross- 
sectional areas of the processes 

H+O a + if = HO a + if, (V) 

O + CO + ilf = CO a + M. (VI) 

The ratio of each of these quantities to the square of the actual diameter of 
the corresponding intermediate complex will be a measure of the efficiency 
of the third particle in completing a reaction of the type V or VI. 

For a given inert gas the values of cr and <r' } and therefore Z x and Z Xt will 
be of the same order of magnitude, and as a first approximation it may be 
assumed that their ratio is the same for each of the inert gases used, i,e. 

= m Zoot 

Z'h, Z' a Z' Nt Z' COt - 

Applying this approximation to equation XVII, it will be found that in 
mixtures containing constant partial pressures of carbon monoxide, hydro¬ 
gen and oxygen, the partial pressures of different inert gases required to 
suppress ignition at a given temperature will be given by 

** = Zco,[CO s ] as Z x [ A], 


(XIX) 
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The ratios [A]/[He], [A]/[N a ] and [A]/[CO a ] given in Table V are seen to be 
independent of temperature, and their mean values may be interpreted by 
equation XIX as the experimental values of Z H JZ A , Z N JZ A and %CoJ%A' 
By means of the formula given in equation XVIII it is then possible to 
calculate the experimental values of 

^Vgoi ^NjHOb an( j <ra oo t Ho t 

/nr 2 /y2 

a AHO, & AllO* & AHO a 

which are recorded in Table VI. 

In Table VI are also given the corresponding theoretical values of these 
quantities deduced from the values of the molecular diameters calculated 
from measurements of the coefficients of viscosity, diffusion and thermal 
conductivity of gases (Jeans 1925 ). The ratio of the experimental to the 
theoretical value of 0 h o ho*/°aho*> etc., will be a measure of the relative 
efficiency E H JE A , etc., of helium compared with argon in a triple collision. 
On this basis it may be calculated from Table VI that the relative efficiencies 
of helium, nitrogen and carbon dioxide are respectively 0*90, 1*22 and 1*9H, 
taking the efficiency of argon as unity* 



Table VI 



2 / 2 
^HeHO./^AHOi 


^COtHOi/^AHOi 

Experimental 

0*58 

1*27 

2*49 

Gas-kinetic 

0*64 

1*04 

1*26 


In view of the assumptions made in the calculation, these values of the 
relative efficiencies must be regarded as approximate, and probably repre¬ 
sent a mean for the two reactions 

H + 0 2 +if = HO a +if, (V) 

O-f CO + M - C0 2 + M. (VI) 

It is seen that the larger the number of degrees of freedom of the third 
moleoule, the higher is its efficiency at a given triple collision. A similar 
result is provided by the specific quenching coefficients of added CO*, N a , O s 
and H a in the fluorescence of N0 2s which were found by Baxter ( 1930 ) to be 
0*87, 0-29, 0*24 and 0 * 15 times that of NO* itself. However the quenching of 
fluorescence often involves specific transfers of electronic energy, which 
forbid a close comparison with ternary collision processes such as V and VI. 
A more analogous reaction is 

0 + 0 a + Af * O 3 +if, 


Voi, ctxvn* a 


22 
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in which the efficiencies of helium and argon are about one-tenth, and that of 
nitrogen one-half the efficiency of carbon dioxide as third bodies (Beretta 
and Schumacher 1932 ). 

It may be concluded that the effects of inert gases on the ignition limits 
confirm the view that the chain-ending processes in this reaction involve 
ternary collisions in the gas phase. 


Conclusion 

The results described above provide a link between two closely related 
reactions—the combustion of hydrogen and that of moist carbon dioxide— 
and provide further evidence on the nature of the brandling chain mechan¬ 
ism involved in the explosion of hydrogen and oxygen. It appears that in the 
latter system, reaction chains branch at two distinct links, one of which has 
a high energy of activation and does not involve the breaking of an H—H 
bond, while the other is an efficient reaction between a chain carrier and a 
hydrogen molecule. In mixtures of hydrogen and oxygen the first reaction 
alone is prevented by ternary collisions, while in mixtures containing a high 
percentage of carbon monoxide, a second three-body process is introduced in 
competition with the second link. Extensive multiplication of chain centres 
can only occur when both elementary branching chain reactions are com¬ 
pleted, and the absence of the second link involving molecular hydrogen in 
mixtures of moist carbon monoxide and oxygen provides an explanation of 
the fact that while water may supply those radicals necessary for chain 
propagation, its presence has no effect on the ignition limits. 

The authors desire to express their thanks to Dr P. I. Dee and the Caven¬ 
dish Laboratory for a sample of pure deuterium, to the Royal Society and 
the Chemical Society for grants for apparatus, and to the Department of 
Scientific and Industrial Research and the Goldsmiths' Company for 
maintenance grants to one of us. 


Summary 

It has been found that mixtures of carbon monoxide and oxygen contain¬ 
ing only traces of hydrogen resemble oxy-hydrogen mixtures in that both 
ignite over the same range of temperatures, and both possess upper pressure 
limits of ignition not markedly affected by change of vessel diameter, which 
vary in the presence of inert gases in a manner suggesting that the processes 



A study of sensitized explosions 341 

responsible for multiplication of chain carriers may be prevented by colli¬ 
sions of the second kind with other molecules. In mixtures of 2C0 h-0 8 of 
constant CO:H a ratio the relation between l/T and logP ( P being the 
pressure limit of ignition at T°abs.) is linear when the concentration of 
hydrogen is less than about 2 %, with a slope corresponding to an apparent 
energy of activation of 13,300 cal., approximately one-half the correspond¬ 
ing figure given for mixtures of 2H a -h0 2> while for mixtures of 2CO-hO a 
containing higher percentages of hydrogen the curves show a variable slope. 
These facts suggest that carbon monoxide introduces additional chain¬ 
ending processes into the mechanism of the hydrogen-oxygen reaction. 
A similar value for the apparent energy of activation is obtained in mixtures 
of 2 CO -f 0 2 containing 0*5 % of deuterium, while the ratio of the values of 
the pressure limits of ignition of mixtures sensitized by the same percentage 
of hydrogen and deuterium respectively becomes constant at 1*42 when the 
concentration of sensitizer is below about 2 %. 

The catalytic effect of hydrogen on the combustion of carbon monoxide, 
and the difference in kinetic characteristics between this reaction and that 
between pure hydrogen and oxygen can be completely described by intro¬ 
duction of the two additional elementary reactions O + CO 4 M => C0 2 4 M 
and OH + CO = C0 2 4 * H into the mechanism for the ignition of mixtures of 
2H a + 0 2 proposed by Kassel and Storch ( 1935 ) and modified by von Elbe 
and Lewis ( 1937 ). 
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Photochemical reactions in monolayers 
II. The photochemistry of proteins 

By J. S. Mitchell* ani> E. K. Rideal, F.R.S. 

Department of Colloid Science, The University, Cambridge 

(Received 26 May 1938) 

The examination of monolayers has been found to afford a quantitative 
method of investigation of the photochemical behaviour of many organic 
compounds of high molecular weight and appears to be especially suitable 
for macromolecular substances of physiological interest such as the pro¬ 
teins (Rideal 1932 ; Mitchell 1936 a, 1937 a; Rideal and Mitchell^ 1937 ). The 
photochemical reactions occurring in the compounds spread in monolayers, 
at an air-water interface, on irradiation with monochromatic ultra-violet 
light, are observed by measurement of the changes in phase boundary 
potential and surface pressure; the light intensity is measured by chemical 
actinometers. The experimental methods were developed with particular 
reference to proteins and related simpler compounds, and, as a preliminary 
investigation, the photochemical properties of the keto-imino linkage have 
been examined. 

The present work on the photochemistry of monolayers of typical proteins 
was undertaken from the point of view of radiation therapy, with the object 

* Fellow of St John’s College, Cambridge. This work was carried out during the 
tenure of a Beit Memorial Research Fellowship. 

t Subsequently referred to as I. 
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of providing elementary data for interpretation of the biological actions of 
radiation. The investigation is quantitative and is accordingly limited to 
proteins for which the amino acid analyses are sufficiently complete, namely, 
wheat gliadin, zein, insulin and ovalbumin. The application of the analytical 
data to the interpretation of the results of the photochemical experiments 
demands a detailed knowledge of the physical processes of light absorption 
in monolayers and of the photochemical significance of the absorption 
spectra of proteins in bulk solution. Only very general assumptions with 
regard to the molecular configuration of the monolayers are necessary. The 
results of photochemical experiments on proteins in bulk solution are re¬ 
quired in the discussion of the chemical interpretation of the physical 
measurements on the monolayers. 


General theory 

The absorption spectrum of the monolayer must be determined quanti¬ 
tatively in order to evaluate the absolute quantum efficiency of the photo¬ 
chemical process. Direct precision measurements are not yet available, but 
theoretical considerations (Mitchell 19366 ) show that it is possible to deduce 
the “molecular extinction coefficient in the film” to a first approximation 
from absorption measurements in polar solution, Hughes and Allsopp ( 1936 ) 
have shown directly in one case, namely, magnesium naphthalocyanine 
which gives visible green monolayers, that the molecular extinction coeffi¬ 
cient in the film is of the same order as in solution; further, the observed 
velocity of simple photochemical reactions (I) shows that in monolayers the 
absorption bands are not usually displaced by more than 100 A from the 
position in solution. The theoretical considerations, confirmed by the experi - 
mental results with stearic anilide monolayers (I), emphasize the importance 
of the Hardy-Langmuir principle of molecular orientation in photochemical 
reactions in monolayers. It has been shown that molecular extinction 
coefficient in the monolayer, e A , at the wave-length A, is related to the 
molecular orientation by the relation 

e A * JS?9/(A), (1) 

where 6 is the angle between the axis of the effective molecular electric 
dipole and the direction of the incident light, assumed to be normal to the 
film, and sin *0 is the mean value of sin 2 0 for those values of 6 allowed by the 
usually small thermal agitation and orientational oscillation at any given 
molecular area. /(A) is an extremely complicated function of A, which cannot 
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be calculated theoretically in terms of the molecular extinction coefficient 
e' A measured in polar solvents, but to a first approximation one must assume 
that /(A) « e' x , as appears justified a posteriori by the experimental results 
for stearic anilide (I). With this assumption the number of quanta, AJjhi\ 
absorbed by the monolayer per sq. cm. per sec. from a normally incident 
beam of intensity J and frequency v is given by 


AJ 2-803 , J 

hv ~ 0-00 x rd 2 ° fc n hv 


f sin 2 #, 


( 2 ) 


where n is the number of absorbing molecules per sq. cm. 

For the analysis of the photochemical reactions in protein monolayers, 
observation of the phase boundary potential at constant surface area is the 
method of choice. The elastic hysteresis renders exact measurement of the 
reaction velocities at constant surface pressure almost impossible, and, 
moreover, from the observed change of phase boundary potential, SAV, on 
irradiation at constant area, can be deduced the proportion of the total 
number of amino acid residues undergoing photochemical transformation. 
As discussed below, the proteins in the monolayers must be regarded as 
macromolecular polycondensation products in which only a small fraction, 
F, usually of the order of 10 %, of the total number of the repeating units 
possesses the chromophoric groups and can take part in primary photo¬ 
chemical changes. The inert residues are not of importance, and it is found 
that, as in the simple case previously discussed (I), the photoreactions at 
constant total surface area follow a unimolecular law, thus: 

- K W-AV t ), (3) 


where A V t and AV f are respectively the phase boundary potentials character¬ 
istic of the film at equilibrium after irradiation for time t and at the end of the 
transformation. The constant K is, of course, proportional to the light 
intensity, and from its measured value can be deduced the true quantum 
efficiency, <j >, for the total photochemical changes per chromophor by means 
of the equation 


<!> 


K 



> 

sin*0 


( 4 ) 


where e* is the (mean) molecular extinction coefficient per chromophor, as 
measured in solution. 
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Photochemical significance of the absorption 

SPECTRA OF PROTEINS 

The measurements of the ultra-violet absorption spectra of the gliadin, 
insulin and ovalbumin, in bulk solution have been described and figured 
elsewhere (Mitchell 1938 ). The results are required for the interpretation of 
the photochemical experiment on monolayers and will be given as needed, 
but here it is necessary to discuss in general terms the quantitative signifi¬ 
cance of the absorption spectra of proteins in relation to their amino acid 
composition. 

The early investigations, in particular those of Hartley ( 1887 ), Blyth 
( 1899 ) and Dh^re ( 1909 ), suggested that the characteristic absorption 
spectra of proteins were due to the constituent aromatic amino acids, 
especially tyrosine. Later, it was found possible to account semi-quanti- 
tatively for the absorption curves in certain cases, e.g. the serum proteins 
(Stenstrom and Reinhard 1925 ), insulin (Kuhn, Eyer and Freudenberg 
1931 ), on the assumption that the proteins in solution behave, in relation to 
light absorption, as mixtures of the constituent amino acids.* Recent work 
(cf. Holiday 1936 ) has shown that for typical proteins in alkaline aqueous 
solution (pH 13), at wave-lengths greater than 2800 A, where tyrosine and 
tryptophane are the only effective chromophores, additivity is sufficiently 
exact for estimation of these two amino acids, with an error of the order of 
±4%. 

The validity, and limitations, of the “mixture hypothesis ”f are in agree¬ 
ment with the well-known empirical facts that in complex organic molecules, 
two chromophores behave independently to a first approximation when 
separated by —(CH 2 ) 2 — and accurately when separated by three or more 
CH 2 groups (cf. Arnold and Kistiakowsky 1932 ; Ramart-Lucas 1934 ). The 
examination of insulin shows that at pH 12 at the wave-length of the ab¬ 
sorption maximum 2920A, the “molecular extinction coefficient” can be 
calculated, within the limits of experimental error, on the assumption of 
exact additivity; further, of the total light absorption 97*8 % is due to the 

* The error in the absolute values of the calculated absorption coefficients was of 
the order of 25 % over the wave-length range 3100-2350A. 

t See Mitchell ( 1938 ) for further discussion and experimental details. It is of 
importance that there is no significant difference over the wave-length range 2350- 
3150A and at pH 2-12 between the absorption spectra of glyoyl-tyrosine and tyro¬ 
sine (cf. Abderhalden and Haas 1927 ); however, the difference in the absolute values 
of the molecular extinction coefficients of glvcyl-tyrosine and stearyl-tyrosine ethyl- 
eeter in solution in ethyl alcohol suggests the possibility of modification of the tyro¬ 
sine chromophor under certain conditions in large molecules. 
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tyrosine present, 1 *8 % to the cystine and 03 % to the arginine. At j)H 2 and 
7-2, the assumption of linear additivity is a poor approximation and may 
underestimate the contribution of the tyrosine residues. Simple calculations 
using the analytical data available for wheat gliadin (Tabulae Biologicae 
1926 ; Chibnall 1933 ) and zein (Kestner 1925 ; Waldschmidt-Leitz 1931 ; 
Pauli and Vaiko 1933 ) show that for these two proteins, over the wave¬ 
length range 2350-3150 A, at least 85 % of the total light absorption is due 
to the tyrosine, phenyl-alanine and tryptophane present; the only other 
amino acids making any appreciable contribution to the light absorption are 
cystine and arginine. 

In general, while the significance of photochemical changes in the di¬ 
sulphide linkages and possibly also arginine (Lieben and Urban 1931 ) 
cannot be neglected, it is evident that, since in the wave-length region 2350- 
3150 A, 85-100 % of the total light absorption by typical proteins occurs in 
the residues derived from tyrosine, phenyl-alanine and tryptophane, the 
changes in relation to these three “aromatic” groups must be expected to 
play by far the most important and fundamental part in the photochemical 
behaviour of the proteins. From the above discussion it appears that these 
considerations, with insignificant quantitative modifications, are equally 
valid for proteins in monolayers. Further, the conclusions are probably 
consistent, not only with the Fischer-Hofmeister peptide theory of protein 
structure but also with the more recent suggestions associated with the 
names of Abderhalden ( 1923 ), Bergmann ( 1924 ), Ssadikow ( 1926 ) and 
Wrinch ( 1937 ).* 


Experimental 

The technique of investigation of photochemical reactions in monolayers 
has been described in detail in I, and the apparatus and methods employed 
here were essentially the same. For the greater part of this work, the hydro¬ 
gen discharge tube was used as the light source, under the conditions 
described, in conjunction with the large quartz monochromatic illuminator. 
A rectangular area of film 6 x 5 cm. was uniformly irradiated with light of 
intensity of the order of 10 u quanta/sq. cm./sec. for the wave-length bands 
2350-2400A and 2980-303A, and 10 w quanta/sq.cm./sec. for the band 
2500-2550 A. The measurements of the light intensity were made by means 

* Aliphatic diketopiperazines do not absorb at wave-lengths greater than 2500A 
(Abderhalden and Hossner 1929 ) and the formation of diketopiporazine rings pro¬ 
duces no significant modification of the tyrosine chromophor, in the case of 3 - 6 -di-p- 
hydroxy benzyl - 2 - 5-diketopiperazine (Abderhalden and Haas 1927 ). 
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of th© uranyloxalate actinometer of Forbes and Heidt ( 1934 ), modified as 
described in I. 

Hie photochemical reactions were examined by observation of the changes 
in phase-boundary potential on irradiation of the protein monolayers at 
constant total surface area and under true equilibrium conditions. On 
account of the complexity of the ohemical processes and to render possible 
the application of equation (3), the method of fractional irradiation has been 
introduced, i.e. the monolayer is illuminated for repeated short periods of, 
usually, 5 min. duration, with intervals of darkness of the order of 10-40 min. 
to allow the attainment of equilibrium conditions. In this way, not only can 
the completion of the photochemical changes be observed but also the dark 
reactions following irradiation (and hence to some extent the behaviour of 
the unstable intermediate photochemical products) can be studied. 


The protein monolayers 

The preparation and mechanical properties of the protein monolayers 
used in the photochemical experiments have been described previously 
(Mitchell 19376 ), so that here only the relevant features will be discussed. 
The monolayers* were spread from aqueous or alcoholic solutions of the 
proteins, the method of preparation was characterized by: 

( 1 ) The employment of very dilute ( 0-01 %) spreading solutions of the 
proteins. 

( 2 ) The introduction of prolonged time intervals (1-36 hr.) to allow the 
attainment of apparent equilibrium, which was always confirmed by phase 
boundary potential measurements. 

The volume of the protein solution dropped on to the surface of the sub¬ 
strate was measured by means of the “agla” micrometer syringe. The 
optical homogeneity of the monolayers was demonstrated by means of the 
dark ground ultra-microscopic technique introduced by Zocher and Stiebel 
{ 1930 ). It was found, in the case of gliadin, that monolayers with almost 
identical mechanical properties are obtained by the present method and by 
that of Hughes and Rideal ( 1932 ). 

The solvent used for the gliadin and zein was aqueous ethyl alcohol of 
concentrations varying from 60 to 80% by volume; the insulin was dissolved 
inN/lOOsulphuric acid. Except in the caseof ovalbumin where the substrate 
was a standard phosphate buffer of pH 7*0, the results described refer to 

* Exoept in the case of ovalbumin where the monolayers were spread from the 
crystalline protein by the method of Hughes and Rideal (1932) (of. Hughes 1933). 
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monolayers spread on N /100 sulphurio acid. All the experiments were 
performed at room temperatures (16*5-21*5° C.). 

The wheat gliadin was investigated in detail to explore the possibilities of 
the experimental methods; it was selected because monolayers with re¬ 
producible properties could easily be prepared, very pure specimens were 
available, and its amino-acid composition was known more fully than in the 
case of most proteins. Then more rapid examinations were made of mono¬ 
layers of zein, insulin and ovalbumin. The relevant analytical data axe given 
in the appendix. 

Very pure specimens of the proteins have been used. The wheat gliadin 
was kindly given by Dr E. A. Fisher and the zein by Dr R. Gortner. The 
apparent water content of these prolamines was determined by drying in air 
to constant weight at 110 ° C> (Hughes and Rideal 1932 ); the value for the 
gliadin was found to be 9-9 and for the zein 5*4 %. The specimen of crystal¬ 
line insulin was kindly given by Dr H, C. Hagedorn and had a physiological 
activity of 23*7 units /mg,; the apparent water content determined by drying 
in air to constant weight at 105° C. was 3*4 %. The specimen of crystalline 
ovalbumin was prepared and kindly given by Dr G. S. Adair; its apparent 
water content (see Sorensen 1917 ; Adair and Adair 1936 ) determined by 
drying in air to constant weight at 105° C., as described by Svedberg and 
Nichols ( 1926 ), was 13*4 %. 

The specimen of stearic acid used in routine work for checking the zero- 
potential measurements was a Kahlbaum specimen, twice recrystallized 
from ethyl alcohol, corrected m.p. 69*1° C. 

The compressibility curves of the monolayers of gliadin, zein and insulin 
are shown in fig. 1 where the surface pressure, F dynes/cm., is plotted against 
the surface density of dried protein, y, mg./sq. m. Each curve is the mean of 
5-8 almost coincident curves, and consists of three regions: 

( 1 ) A region where the surface pressure is not measurable (i.e. is less than 
0*05 dyne/cm.), possibly corresponding to the region of surface vapour 
pressure. 

( 2 ) A “low-pressure” region of high compressibility and negligible 
elasticity and rigidity, extending from the limiting area to a surface pressure 
of the order of 1-2 dynes/cm. 

(3) A “high-pressure” region of low compressibility extending to the 
collapse point. 

The most characteristic mechanical criteria are the extrapolated limiting 
densities of the low and high pressure regions; these are independent of 
instrumental factors, identical values having been obtained with three 
dynamometers of widely different sensitivities. In the case of gliadin, the 
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limiting density of the low pressure region coincides with the transition 
between the electrically homogeneous and inhomogeneous regions. 

The interpretation of the observed properties of the monolayers in terms 
of the properties of the repeating units, which may be represented as 



Fig. 1. Compressibility curves of protein monolayers spread on N/100 sulphuric acid 
( 16 *$~ 22 * 0 ° C.). 1. Gliadin spread from solution. 2 . Gliadin spread from the solid 
(Hughes and Rideal 1932). 3 . Zein. 4 . Insulin. 

CO-NH-CH R residues, is independent of theories of detailed structure and 
involves only the analytical results. The mechanical properties of the mono- 
layers are summarized in Table I, where also are given the values for the 
mean properties per residue calculated on the hypothesis of the polypeptide 
structure (see Mitchell 1937 b)> While a flexible polypeptide chain structure* 

♦ Experimental evidence that polypeptide chains can form monolayers is provided 
by the results of examination of films of polyesters—neutral and acidic ethylene 
succinates—by Moss (1934) and of the tripeptide of a-amino-eaprylic acid by Gorter, 
Meyer and Philippi (1934)* 
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Table I. Mechanical properties of protein monolayers 


Protein 

Gliadin 

Zein 

Insulin 

Limiting density of low-pressure region 

0*35 

0*21 

0*50 

(mg./sq. in.) 

Limiting density of high-pressure region 

0*85 

0*67 

0*81 

(mg./sq. m.) 

Collapse density (mg./sq. m.) 

2*10 

1*40 

1*30 

Mean molecular weight per CO-NH-CHK 

121*00 

106*00 

137*00 

residue 




Calculated moan length of side chain in A 

3*51 

3*48 

4*24 

Percentage of polar side chains 

Mean area per residue at limiting area of 

00*00 

39*00 

00*00 

low-pressure region in sq. A: Obs. 

50*50 

85*20 

45*20 

Calc. 

42*50 

42*50 

47*50 

Mean area per residue at limiting area of 

23*30 

20 * 10 

27*80 

high-pressure region in sq. A, obs. 

Mean cross section of head per CO-NH-CH# 

23*80 

23*00 

24*20 

in sq. A, calc. 

Mean area per residue at collapse in 

9*50 

12*50 

17*40 

sq. A, obs. 

Approximate calculation 

16*20 

9*00 

15*80 

(cf. Hughes and Rideal 1932 ) appears consistent with the mechanical 
properties of the monolayers in question, it is evident that the occurrence, 


in parts of the film, of ring structures, e.g. cyclols (Wrinck 1937 ) or diketo- 
piperazines (Mitchell 19376 ), cannot be excluded. However, the only assump¬ 
tion of detailed molecular structure required for the present work is that near 
the limiting area of the low pressure region, the aromatic nuoiei of the side 
chains derived from tyrosine, phenylalanine and tryptophane lie approxi¬ 
mately parallel to the plane of the surface. This assumption is naturally 
fulfilled in the polypeptide chain model of film structure, but its validity is 
obviously much more general. 

The phase boundary potential measurements, A V> refer to monolayers at 
equilibrium after standing at constant area for periods varying from 1-36 hr., 
until stationary values of A V are attained, with variations not greater than 
± 1 mV over intervals of the order of 30 min. In the case of the gliadin 
monolayers spread on N /100 sulphuric acid at 17*5-22° C., a large number of 
measurements have been made at different surface densities, so that it has 
been possible to obtain the equilibrium AV-y curve. The results are shown 
in fig. 2 , where each experimental point was obtained from a separate mono- 
layer. The values given by Hughes and Rideal ( 1932 ) for monolayers of 
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gliadin spread, from the solid,* on N/100 hydrochloric acid at 16-20° C. are 
included in fig. 2. For the monolayers of gliadin measured under equilibrium 



Flo. 2. - O O Equilibrium A V-y curve for monolayers of gliadin spread on 
N /100 H s S0 4 (17-5-22-0” C.). - -.. Measurements of Hughes and Rideal ( 193 *). 



Flo. 3. Variation with moon area per CO.NH.CHJ? residue of the mean vertical 
component, fi of the apparent dipole moment per residue, for monolayers of gliadin 
spread on N/100 H 8 S0 4 (17*5- 22*0° C,) and examined under equilibrium conditions. 

conditions, fig. 3 shows the variation with mean molecular area per CCKNH- 
CHi? residue of the mean value of the vertical component, Ji, of the apparent 
electric dipole moment per residue, calculated with the aid of Helmholtz’s 
equation on the assumption that the mean molecular weight per residue is 

* As in the case of the F-y curves, it is possible that the final equilibrium values 
were not reached in the transition region between the low- and high-pressure regions. 
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121 .* The maximal error in the absolute determination of /t for each indi¬ 
vidual value of y is of the order of ± 25 % in the low pressure region, and of 
± 15 % in the high pressure region. However, the absolute values are not of 
immediate interest but it is important to note that the curve shows the 
approximate constancy of /Z in the region where the mean area per residue is 
35-45 A, i.e. y = 0-44-0-58 mg./sq. m., in agreement with previous general 
considerations of film structure (cf. Hughes and Rideal 1932 ; Mitchell 
19376 ). The electrical properties of the monolayers of the other proteins will 
be discussed below. 


Photochemical experiments 

As previously described (Rideal 1932 ; Mitchell 1936 a, 1937 a), the 
characteristic changes produoed on ultra-violet irradiation of protein 
monolayers are: 

(1) Liquefaction of the film, if it is initially in the gel state. 

( 2 ) At constant total surface area, a rapid rise of surface pressure, and an 
increase of phase boundary potential, which may be as great as 120 mV as in 
the case of zein, but is usually considerably smaller. 

A typical example of the changes in phase boundary potential on irradia¬ 
tion of protein monolayers is shown in fig. 4; this summarizes the experi¬ 
mental data for the fractional irradiation of a monolayer of gliadin, spread 
on N /100 sulphuric acid at 18° C., at constant area (7 = 0-55mg./sq. m. 
corrected) with light of the wave-length band 2350-2400 A (Exp. 23, 
Table II). Almost without exception, for the first few periods of illumination, 
AV has fallen by perhaps 10-30mV when observed immediately after the 
cessation of irradiation and then rises slowly, while the film is unilluminated, 
to a value considerably above that measured before irradiation. At the end 
of the reaction, there is no change on further irradiation. In fig. 5a the 
changes in phase boundary potential on irradiation of gliadin monolayers 
are summarized for three experiments, only the equilibrium A V values after 
each period of irradiation being given; in fig. 56 it is shown that these ex¬ 
amples of the photochemical reactions accurately obey the unimolecular 
law (eqn. (3)), It is to be noted that there is no induction period; further, it is 
of great interest that with radiation of the wave-length band 2500-2550 A, 
the photoreaction is not cyanide sensitive so that the measured reaction 
velocity constant K must be assumed to correspond to the unsensitized 
photochemical process (see below). 

* The analytical results summarized in Tabulae Biologicae (1926) correspond to a 
value of the mean molecular weight per residue of 120 and the more recent data com¬ 
piled by Chibnall (1933) give 122 . 
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Fig. 4. A typical example of the changes in phase boundary potential on fractional 
irradiation of a monolayer of gliadin (Exp. 23, Table II). ■ Illumination. 



Fig. 5 a Fig. 56 


Fig. 5a. Further examples of the changes in phase boundary potential on irradiation 
of gliadin monolayers. 

A. Exp. 1, Table II, A = 2350-2400 A. 

Bl. Exp. 18, Table II, A = 2500-2550 A. 

B2. Exp. 13, Table II, A= 2500-2550 A. After addition to the substrate of 5'0 c.c. 
M/100 KCN, 

Fig. 56. Kinetics of photoreactions shown in fig. 5a. 

A. Exp. 1, Table II, 1C= 5-5 x 10~* min.~h 

B. Exps, 13 and 18, Table II. Curves coincident. For each K =0*2 x 10** rain." 1 . 
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Substrate: N/100 sulphuric acid. 

Wave-length bands: a, 2350-2400 A, b, 2500-2550 A, c, 2980-3030 A, d, 3125-3175 A. Sensitized. 
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Tbe total increase in phase boundary potential SAV observed on irradiation 
appears to be of especial significance. The general conclusion from the results 
obtained is that SAV differs for the different proteins in a characteristic 
manner and, as will be discussed below, can be correlated quantitatively 
with the amino-acid analyses. SA V increases slowly with increasing acidity 



Fig. 6 . Summary of changes in phase boundary potential on irradiation of mono- 
layers of gliadin and zein. Substrate N /100 H a S0 4 . 17 6 -22-0° C. (see Tables II and 
III). Protein Exp. Wave-length band (A). 


Gliadin 


Zein 


O 

□ 

V 

A 


а, 2360-2400 

б , 2600-2650 

c, 2980-3030 \ 

d, 3126-3176/ 


Sensitised 


X u, 2360-2400 


of the substrate and decreases approximately linearly with increasing initial 
surface density of the protein in the monolayer; at high initial surface 
densities, negative values of SA V have been observed with gliadin and zein. 
It is of interest that at any given surface density, SAV appears independent 
of the wave-length of the incident light, no significant differences being 
observed for the wave-length bands examined. 


*3 
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The results of the photochemical experiments with gliadin monolayers 
spread on N/100 sulphuric acid are summarized in Table II, Four wave¬ 
length bands have been employed for the irradiation, namely, 2350-2400 A, 
2500-2550, 2980-3030, and 3125-3175A; with the last two bands, the 
results recorded correspond to reactions which are cyanide sensitive. In the 
last column of Table II are given the values of SAVI^nn, which are required 
later and represent the apparent mean change, on irradiation, of the vertical 



Fig. 7. Summary of the changes on irradiation of the mean vertical component of 
the apparent dipole moment per residue for monolayers of gliadin. (Experiments 
labelled as in fig. 6. See Table II.) 

component of the electric dipole moment per residue. The variation of 
SAV/tern with the mean area per residue, for gliadin, is summarized in fig. 7, 
The results of irradiation of monolayers of zein , spread on N/100 sulphuric 
acid, with light of the wave-length band 2350-2400 A are given in Table III, 
and the observed variation of SAV with the initial surface density of the 
protein for both gliadin and zein is shown in fig. 6. 

In the case of insulin, the results are modified by the partial solution of the 
film on irradiation. This was evident in the preliminary experiments and was 
confirmed by the measurements of the phase boundary potential, e.g. on 
irradiation with light of the wave-length band 2350-2400 A of a monolayer 
of insulin spread on N/100 sulphuric acid at 19° C. with y ** 0*65mg./sq, m. 
(corrected) and AV - 285 mV initially, SAV was 15 mV, 
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The photochemical liberation into the substrate of molecular fragments 
containing aromatic groups has been demonstrated in the case of mono- 
layers of insulin* by means of the colour reaction with diazotized p-amino- 
benzoic acid. The substrate beneath an insulin monolayer (y * 1-45 mg./ 
sq. m.) illuminated for 45 min. with the total radiation from a quartz mercury 
vapour lamp gave a faint but quite definite colour reaction approximately 
equal to that of 1 x 10 ~° M tyrosine solution. The substrate beneath a control 
film (y = 1*52 mg./sq. m.) illuminated through a glass filter with radiation of 
wave-lengths greater than 3300 A gave no colour reaction. The total amount 
of aromatic compounds liberated appeared to be significantly higherf than 
that anticipated from the tyrosine content, probably because the histidine 
residues were carried into solution and perhaps also on account of the photo- 
oxidative changes in the tyrosine groups. 


Table III . Irradiation of zein monolayers 


Exp. 

Temp. 

y mg./sq. m. 


SA P mV on 

no. 

°C. 

(corr.) 

initial 

irradiation 

1 

18*0 

0*30 

123 

98 

2 

19*0 

0*31 

106 

85 

3 

20*0 

0*48 

179 

117 

4 

190 

0*48 

173 

122 

5 

22*0 

0*48 

225 

107 

6 

19*5 

1*26 

336 

-32 


Substrate: N/100 sulphuric acid. Wave-length band: 2350-2400 A. 


Table IV. Irradiation of ovalbumin monolayers 


y n SA V m y 


Exp. 

Temp. 


JV my 

mg./sq. m. 

residues 

on 

no. 

°C. 

pH 

initial 

(corrected) 

per. sq. cm. 

irradiation 

1 

19 

2*0 

216 

0*52 

2*60 x 10 u 

45 

2 

21 

7*0 

158 

0*55 

2*77 

23 

3 

23 

7*0 

164 

0-65 

2*77 

26 


Monochromatic radiation: wave-length 2537 A, 

The relevant experimental data for the irradiation of monolayers of 
ovalbumin are given in Table IV. The monolayers were prepared by spread¬ 
ing from the solid and examined under equilibrium conditions, the surface 
density being deduced from the phase boundary potential measurements 
(of. Hughes 1933 ; Philippi 1936 ). Continuous irradiation with monochro¬ 
matic light of wave-length 2537 A was employed. The photoreactions obey 

* Spread on N/100 sulphuric acid. 

t The value was consistently of the order of 10 times that calculated for unchanged 
tyrosine. 


*3-* 
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the unimolecular law, e.g. in Exp. 1, where the incident intensity was 
1*4 x I0 13 quanta /sq.cm, /sec., K = 9*7 x 10" 8 min." 1 , 

The photochemical liquefaction of protein monolayers in the gel state is 
completely inhibited by the presence in the substrate of 0* 1 % hydroquinone, 
so that it must be concluded (of. Gee and Rideal 1935) that the photochemical 
changes in the proteins involve oxidative processes as an essential step. 
No detectable changes are produced in unilluminated films by exposure to 
ozone, or by addition of H 2 0 2 to the substrate.* 

The determination of the long wave-length threshold for the photo¬ 
chemical changes in protein monolayers presents considerable experimental 
difficulties, both on account of the very low velocity of the photoreactions at 
wave-lengths considerably greater than the absorption maximum, and also 
because of the presence of photosensitizers. Unexpectedly fast photo¬ 
chemical reactions have been encountered with radiation of wave-lengths 
2980-3030 and 3125-3175 A in the case of the gliadin, and with wave¬ 
lengths greater than 3350 A in the experiments of Sehulman on ovalbumin 
monolayers (Rideal 1932). In the present work, the anomalous reaction 
velocities were invariably reduced to the normal order of magnitude by 
addition to the substrate of excess KCN, e.g. for irradiation with the wave¬ 
length band 2980-3030 A, addition of 5*0 c.c. M/1000KCN to the substrate 
in Exp. 15, Table II reduced K from the value 4*0 x lO^min.” 1 (cf. Exp. 14) 
to approximately 2*0 x 10~ 4 min.“ 1 which is normal for these wave-lengths. 
It has been suggested (Mitchell, Rideal and Sehulman 1937, and I) that these 
and similar anomalous results are due to photosensitization by traces of 
metallic ions. For the unsensitized photodecomposition of protein mono- 
layers, changes have never been detected with the wave-length band 
3125-3175 A or at longer wave-lengths. This observation provides further 
evidence that, in the monolayers, the absorption spectrum is not displaced 
towards longer wave-lengths by more than 100 A from the position in 
solution. 

In accordance with the chemical interpretation of the results discussed 
below, a series of experiments have been made to determine the order of the 
absolute quantum efficiency of the total photochemical changes per aromatic 
residue in monolayers of gliadin spread on N/100 sulphuric acid. The most 
reliable results are summarized in Table V. The value of the absolute quantum 
efficiency $ is deduced from the measured reaction velocity constant K by 
means of eqn. (4) in which, at the area of observation, corresponding to 
40sq. A per residue, sin 2 # ~ 1 to a first approximation. The mean molecular 
extinction coefficient per chromophorio residue is deduced, with the aid of 
* In the absence of ferrous ions. 
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the analytical data (see Appendix), from the measurements of the ultra¬ 
violet absorption spectrum of gliadin in solution in 70 - 80 % by volume ethyl 
alcohol (Mitchell 1938) and refers to the side chains derived from tyrosine, 
phenyl-alanine and tryptophane only; the small corrections for cystine, 
methionine and arginine are negligible. The values of K refer to the un¬ 
sensitized photoreactions, and it must be concluded that, for the wave¬ 
length regions examined, the value of <f> is of the order of one-half. 


Table V 


Exp. 

no. 

Wave-length 
band A 

Intensity 
q./em. 8 /aee. 

T U 

y mg./sq, m. 
(eorr.) 

K min. 1 

Mean i per 
chroraophor 


I 

2350-2400 

2*90 x 10 ia 

18 

0*50 

1*80 x 10 * 

4010 

0-45 { L0*09) 

2 

2500-2550 

8*10 x 10 U 

20 

0*50 

1*23x10 3 

798 

0*55 (i 0*11) 

3 

2500-2550 

9*50 x 10» 

21 

0*50 

1*25 > 10 a 

798 

0*48 { J 0*10) 

4 

2980-3030 

0*45 x 10“ 

21 

0 50 

10 * 

214 

^0*0 


Discussion 

The observed liquefaction of protein monolayers on ultra-violet irradia¬ 
tion, with accompanying increase of surface pressure at constant total 
surface area, indicates the occurrence of photochemical fragmentation of 
the molecules of protein in the monolayer. In view of the fundamental 
importance of oxidative changes, this process is almost certainly analogous 
to the “photo-oxidative fragmentation” of proteins in bulk solution 
(Neuberg 1908; Becker and Szendro 1931; Spiegel-Adolf 1934; of. Mitchell 
1938) and also of keratin (Becke 1912, 1919; Sauer 1916; Bergen 1925, 
1926). 

The quantitative examination of the absorption spectra has shown that 
the only residues of importance in the absorption of radiation of wave¬ 
lengths 8150-2350 A by typical proteins are those derived from the three 
aromatic amino acids—tyrosine, phenyl-alanine and tryptophane—and also 
to a much less extent, cystine and arginine. In the photochemical experi¬ 
ments on monolayers, cystine cannot play any }>art on account of its oxida¬ 
tion (cf. Andrews 1932, 1933) during the prolonged interval when the film is 
standing to attain apparent equilibrium as determined by the phase 
boundary potential measurements. Further, in the proteins examined light 
absorption by arginine has been shown to be negligible, and also arginine 
may not undergo photodecomposition in the wave-length region concerned 
(Lieben and Urban 1931)* Thus on general grounds it is evident that the 
primary photochemical processes in the monolayers are limited, at least to a 
first approximation,* to the “aromatic” residues. 

♦ Error may possibly be introduced by neglect of methionine. 
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On the basis of the classical work of Neuberg (1908), the examination of 
keratin referred to above and the observed photochemical behaviour of 
ovalbumin, insulin and glycyl-tyrosine, it has been suggested (Mitchell 1938) 
that the photo-oxidative fragmentation of proteins in solution with light of 
wave-lengths 3150-2350 A is due, at least in part, to a process of indirect 
oxidative photolysis of peptide linkages adjacent to the tyrosine chromo- 
phores. The experiments on glycyl-tyrosine can provide direct evidence for 
splitting of one only of the two peptide linkages adjacent to each tyrosine 
chromophor and suggest that the mechanism of the fragmentation is a 
series of photo-oxidative and intramolecular changes, followed by photo¬ 
chemical hydrolysis of the N—CO linkage in a manner analogous to that 
described by Baudisch and Hoschek (1916) and Rideal and Mitchell (1937). 
However, the results suggest the inherent probability of photohydrolytic 
cleavage of both the peptide linkages adjacent to each tyrosine side chain as 
a result of the photo-oxidative transformations; this conclusion is supported 
both by the observed increase of amino-nitrogen on irradiation of proteins 
(Fort and Lloyd 1914; Fort 1916; Eckstein and Lieben 1933) and by the 
ultra-filtrability of the pigment produced on ultra-violet irradiation of 
ovalbumin (Becker and Szendrb 1931). It appears reasonable to assume that 
phenyl-alanine may take part in a series of changes similar to those of 
tyrosine (cf. Baeh6r 1929) but, apart from photo-oxidative destruction 
(Lieben 1927), the role of the tryptophane residues of proteins is unknown. 
It is possible that light absorption in the tryptophane side chains leads to 
splitting of the adjacent peptide linkages; the occurrence of this process will 
be assumed but definite experimental evidence as to the validity of the 
assumption could not be obtained on account of the small numbers of the 
tryptophane residues and the magnitude of the experimental and analytical 
errors. 

These conceptions of the photochemical behaviour of proteins in bulk 
solution appear directly applicable to the quantitative interpretation of the 
results of ultra-violet irradiation of the protein monolayers. Without any 
assumptions as to the detailed molecular structure, the proteins in the 
boundary state are to be regarded as polyoondensation products in which a 
fraction, F , of the total number of repeating units is characterized by 
chromophoric aide chains derived from tyrosine, phenyl-alanine or trypto¬ 
phane. If both peptide linkages* adjaoent to each chromophoric side chain 
undergo a process of photolysis, the end result of which is equivalent to 
hydrolysis, and the liberated chromophoric residue is removed by solution, 

* Or the corresponding groups capable of undergoing intramolecular rearrange¬ 
ment to form peptide linkages, as in a oyclol fabric. 
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it can be shown that the total change of phase boundary potential, SAV % 
observed on irradiation at a surface density corresponding to n residues per 
sq. cm. is given by: 

4 rrn = ^^ COOB + ^NHa“/Vrom~ 2 /*oo.nh}> ( 5 ) 

where p OQ on * /^ nh , > /Wm an( * /^ co.nh respectively refer to the vertical com¬ 
ponent of the apparent dipole moment per COOH, NH 2 CH R (aromatic) 
residue and peptide group. 

It is well-known that the group represented by. CO. NH. CH. makes only 
a very small contribution to the mean vertical moment per residue for pro¬ 
tein monolayers in the low pressure region (Hughes and Rideal 1932; 
Schulman and Rideal 1933). Further, in the case of stearic anilide mono- 
layers (I) the NH. CO. C 17 H 35 group appears to make a negligible contribu¬ 
tion to the vertical component of the total apparent moment.* Thus, to a 
first approximation,! /^co.nh may be assumed to be zero in the low pressure 
region. The examination of mixed films (Schulman 1937, also private com¬ 
munications) has shown that, for equimolecular mixtures of acids and 
amines, linear addition of the vertical moments does not hold. The most 
exact experimental values available for // x;ooH +/*NH f are > for j»H 2*0, 746 
milli-Debyes at 40 sq. A per two molecules, and for pH 7 - 0 , 500 milli-Debyes 
at 36 sq. A per two molecules; data are not available at appreciably smaller 
areas. 

To evaluate p ftrcan , it must be assumed as discussed above, that near the 
limiting area of the low pressure region, the aromatic rings of the tyrosine, 
phenyl-alanine and tryptophane side chains lie parallel to the plane of the 
surface. Thus the only first order contribution (cf. Stuart and Volkmann 
1933) to /Vom ^ from tyrosine. The phase boundary potentials of tyrosine 
derivatives have not yet l>een measured but comparison of the vacuum 
values of the electric moments of phenol and aliphatic alcohols (Gurney 
and Jackson 1934) suggests that the required value for tyrosine must 
approximate to that measured for aliphatic alcohols in monolayers; hence 
it can be assumed that for the tyrosine side chains, the vertical component 
moment in the low pressure region near the limiting area is, at pH 2-0 and 
7*0, approximately 210 milli-Debyes (Schulman and Hughes 1932; Adam, 
DanielU and Harding 1934). Fortunately, it is not necessary to know this 

♦ The direction of the apparent raoleoular dipole moment is probably parallel to 
the plane of the benzene ring, in stearic anilide in monolayers (I). 

t This may not be true in the immediate vicinity of the Kmiting area of the low 
pressure region where ji per residue shows a rapid increase with increasing surface 
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value with great acouracy, since the effective /* arorn is the mean value for 
the aromatic side chains and is usually small with respect to the value of 
Fvoou +/%H t ■ With the aid of the analytical data (see Appendix), it is found 
that // arom has the approximate value 80 milli-Debyes for gliadin, 90 miili- 
Debyes for zein and ovalbumin and 210 milli-Debyes for insulin. 

On compression of the monolayers, y w aPom increases rapidly, so that, accord¬ 
ing to eqn. ( 5 ), SA Vl^nn must decrease with increasing initial surface density 
of protein in the monolayer, and may have negative values at high initial 
densities. It is of great interest that the experimental observations summar¬ 
ized in figs. 6 and 7 receive a simple general explanation in this way in terms 
of the Hardy-Langmuir principle of molecular orientation in monolayers. 
On account of the structural complexity, more detailed quantitative inter¬ 
pretation is not possible but it is to be noted that both with gliadin and zein, 
SA V passes through zero value at surface densities slightly greater than the 
limiting values for the high pressure region. 

To deduce the values of F from the experimental data, the surface density 
selected for analysis must satisfy the following conditions: 

(1) No “phase change” occurs during the reaction. 

(2) The mean vertical component of the apparent dipole moment per 
CO.NH.CH 12 residue has an approximately stationary value, for small 
variations of the surface density, i.e. re-orientation of the inert residues is 
excluded. 

( 3 ) Solution of the film is negligible, only the chromophoric residues 
liberated photochemically leaving the surface. 

The examination of the gliadin monolayers shows that the initial surface 
density must approximately correspond to the value 40 sq. A for the mean 
area per residue; then, for the substrate at pH 2, eqn. ( 5 ) takes the simplified 
form 

^ = ^( 740 x 10 ^—^). ( 5 a) 

Gliadin . The mean values of SAVjAnn deduced from nine experiments 
[Table II, Nos. 11 - 14 , 17 - 20 , and 22] is 39*7 milli-Debyes. Hence F ** 6*0 
( ± 0 * 4 ) %, the value in brackets being the estimated mean error. The theo¬ 
retical value, assuming fragmentation of both peptide linkages adjacent to 
the residues derived from tyrosine, phenyl-alanine and tryptophane, lies 
between 5*7 and 4 * 5 %; the upper limit is determined from the available 
analytical data and the lower limit by the assumption that the total number 
of residues per Svedberg unit is 288 (cf. appendix and Bergmann and 
Niemann 1937). 
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Zein . The mean value of dAV/4nn deduced from Exps. 3 , 4 , 5 , Table III 
is 114 milli-Debyes; hence F = 17*3 (± 2*0) %. The theoretical value lies 
between 13*2 and 11*5 %. 

Ovalbumin, Exp. 1 (Table IV) gives F =» 7*0 ( ± 1 * 3 ) % and Exps. 2 and 
3 give F = 5*7 ( ± 0*8) %. The theoretical value is 8*3 — 7*3 %. 

Insulin . The total increase of phase boundary potential on irradiation is 
greatly reduced by the partial solution of the film so that eqn. ( 5 ) is no longer 
applicable; the value of F deduced from the data given above is 2*0 % while 
the theoretical value is 11 * 0 — 8*3 %.J 

These results are summarized in Table VI. In the comparison of theory and 
experiment, it is essential to note that the maximal error in the experimental 
determination of the F values, is, under the most unfavourable conditions, 
of the order of ± 37*5 % and that the theoretical values given, although 
deduced from recent analytical data, may possibly be too low on account 
of incomplete estimation (of. Carpenter 1931; Holiday 1936). Accordingly, 
it must he concluded from Table VI that the experimental values of F, 


Table VI. Theoretical interpretation of the results of ultra¬ 
violet IRRADIATION OF PROTEIN MONOLAYERS 


Protein 

Gliadin 


Zein 

Ovalbumin 


Wave-length 
of incident 
radiation A 

2350-2400 
2500-2550 
*2980-3030 ' 
*3125-3175 
2350-2400 
2537 


Percentage of chromophoric 


pH 

of 

residues F 

_ 



substrate 

Experimental 

Theoretical 

2*0 

0*0 ( ± 0‘4)f 

5*7- 4*5 

2-0 

17*3 (±2*0) 

13*2-11*5 

2*0 

7*0 <± 1*3) 

8*3- 7*3 

7*0 

5*7 (±0*8) 



* Sensitized reactions. 

t The estimated mean error is given in the brackets. 


calculated from the phase boundary potential measurements on the 
assumptions specified, are not inconsistent with the theoretical values at 
present available for the gliadin, zein and ovalbumin. Although the ob¬ 
served agreement cannot be regarded as proof of the occurrence of a parti¬ 
cular mechanism of photolysis, it is of great interest that the suggested 
hypothesis, which is based on considerations of the absorption spectra and 

% These observations suggest the possibility that monolayers of insulin may possess 
a structure somewhat different from that of* the other proteins examined, perhaps 
being characterized by less frequent cross linkages* 
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on photochemical experiments in bulk solution, is found to provide a 
quantitative interpretation of the photochemical behaviour of monolayers 
of certain typical proteins. 

Appendix 

Relevant analytical data 

Wheat gliadin. The data quoted in Tabulae Biologicae (1926) account for 
90*7 % by weight of the initial material, while those collected by Chibnall 
(1933) account for 98 * 4 %. The latter values show that 1 Svedberg unit 
( 34 , 500 ) contains 5*8 molecules of tyrosine (Looney 1926), 4*9 of phenyl¬ 
alanine (Osborne and Guest 1911) and 1*8 of tryptophane (Jones, Gersdorff 
and Moeller 1924). The total number of residues per Svedberg unit is not less 
than 227 , and probably of the order of 280 (cf. Bergmann and Niemann 
1937 )* 

Zein. The data collected by Kestner (1925), Waldschmidt-Leitz (1931) 
and Pauli and Valko (1933) account for 101*3 % by weight of the initial 
material, and show that 1 Svedberg unit contains not less than 252 residues 
of which 14*5 are derived from tyrosine and 18*2 from phenyl-alanine. 

Insulin, The results of Du Vigneaud, Jensen and Wintersteiner (1928), 
Jensen and Wintersteiner (1932), Gerlough and Bates (1932), Jensen and 
Evans (1935) and Harington and Neuberger (1936) account for at least 88 % 
by weight of the initial material and show that the micelle of weight 35,100 
(Sjogren and Svedberg 1931) contains 24 tyrosine residues, no tryptophane 
and a small, as yet undetermined, amount of phenyl-alanine. 

Ovalbumin . The compilation given in Biochemisches Handlexikon (1933) 
shows that 1 Svedberg unit ( 34 , 500 ) contains 8 molecules of tyrosine and 2 
of tryptophane; probably there are also 11 molecules of phenyl-alanine 
(Tabulae Biologicae, 1926). 

The work of Bergmann and Niemann (1937) suggests that the molecule of 
ovalbumin contains exactly 288 residues; on the basis of the cyclol theory, 
Wrinch (1937) suggests the same number for insulin. 

Summary 

This paper is an account of a quantitative investigation of the photo¬ 
chemistry of proteins in monolayers. Wheat gliadin, zein, insulin and oval¬ 
bumin have been examined. The photoreactions were studied by observa¬ 
tion of the changes in phase boundary potential of the protein monolayers 
on irradiation, at constant surface area and under equilibrium conditions, 
with monochromatic ultra-violet light of wave-lengths 2350-3175 A. 
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The general theory of photochemical reactions in protein monolayers is 
summarized. The proteins in the monolayers are to be regarded as macro- 
molecular polycondensation products in which the primary photochemical 
processes are limited, to a first approximation, to the “aromatic” chromo- 
phores. 

The experimental technique, including the method of fractional irradia¬ 
tion, and the preparation and properties of the monolayers are described. 

The characteristic changes on ultra-violet irradiation of protein mono- 
layers are: 

(1) Liquefaction, if the film is gelatinous. 

(2) At constant area, an increase of phase boundary potential, and also of 
surface pressure. 

Oxidative processes play a fundamental part. Photo-sensitization, prob¬ 
ably by traces of metals, is described. 

It is suggested that, in these photoreactions, both “peptide linkages” 
adjacent to each side chain derived from tyrosine, phenyl-alanine and 
possibly also tryptophane, may undergo a process of oxidative photolysis, 
the end result of which is equivalent to hydrolysis, and the transformed 
chromophoric residues liberated pass into solution. This hypothesis is in 
quantitative agreement with the total changes in phase boundary potential 
observed on irradiation of the monolayers of gliadin, zein and ovalbumin 
(the insulin films undergo partial solution). The importance of the Hardy - 
Langmuir principle is demonstrated. 

The absolute quantum efficiency of the total changes per aromatic residue 
in monolayers of gliadin on N/100 sulphuric acid is of the order of | for 
unsensitized photodecomposition at wave-lengths between 2350 and 
3030 A. 
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The comparison of series of measures on different 
hypotheses concerning the standard errors 

By Harold Jeffreys, F.R.S. 


(Received 27 May 1938 ) 


1. The test for the significance of the difference of two means, when the 
standard errors of one observation are unequal, has been the subject of much 
recent discussion (Fisher 1935; Bartlett 1936; Welch 1937; Daniels 1938), 
but the appropriate treatment remains in doubt. A significance test for the 
difference of two means, on my principles, lias already been given (Jeffreys 
1937a), but is not altogether satisfactory, for two reasons. The result was, 
for large numbers of observations, 


K f I 6h ) 
A P(~g\dh) 


1 2 o* +t* \* / . (s-y)* \ 

\7r<7 a wi 4 - T 2 jnJ ex P\ *er®/m + r l /»/’ 


( 1 ) 


where x and y are the means in the two series, m and n the numbers of ob¬ 
servations, <r and r the (estimated) standard errors of one observation. The 
most serious practical defect of this formula is that the numbers of observa- 
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tions are supposed large enough for the uncertainty of the standard errors 
to be neglected. This was due to a premature approximation and could be 
corrected easily; the resulting change would be similar to the difference 
between the normal law and “Student’s” formula, as has already been 
shown in other cases. There'is, however, another anomaly, less serious in 
practice, but of theoretical importance. We notice that if r - 0 , when the 
observations in the second series are exact, the first factor reduces to 
(2771/77-)*, which is the usual form for the test of one new parameter, and is 
satisfactory. But if cr = r, and n is very large, so that the uncertainty of the 
true value in the second series is again negligible, we should again expect the 
outside factor to reduce to ( 2 m/ 7 r)*, since we are again comparing the mean 
of the first series with an accurate value. Actually it reduces to ( 4 m/ 7 r)*. This 
is not of much practical importance, since if formula ( 1 ) gives K ® 1 , the 
correct formula would give K * 1 /^ 2 , and the result would still be indecisive, 
though slightly in favour of ~ q . 

The analysis of the case ~q (genuine difference present) involves the 
estimation of two means and two standard errors. The weighted mean of 
the two means would be taken as the estimate of a parameter on q from 
the two series together. The problem is therefore one of assessing the 
significance of one new parameter when there is an additional parameter 
whose significance is not in question, and has analogies with several cases 
already considered. In the problem of function fitting the main effect of 
the allowance for each such parameter is to increase the index of the factor 
{1 +X 2 l ( n ~ m )\by There was little change in the actual analysis, 
mainly because the new functions fitted were supposed chosen so as to 
be orthogonal with the old ones at the actual weights, so that allowance 
for the new ones does not affect the estimates of the coefficients of the old 
ones. The analogy suggests, however, that if this condition is necessary to a 
correct treatment the weighted mean of the true values and the difference 
of the true values should be introduced separately as two independent 
unknowns, the weights being chosen so that the former will have the same 
value on both hypotheses q and ~q. A similar device has already been 
adopted (Jeffreys 19376) in treating the comparison of two samples, of 
numbers (x, y) (x\ y'), where x + y and x' + y' are initially fixed. On the 
hypothesis q that the chances of a number having the property cj> in the two 
cases are really identical they are equal to p , to be found from the two 
samples together. On ~q, the chances are respectively p and p\ but the 
quantity b defined by 


(x + y-f x'+y')6 « (x + y)p-H(x' + y')p' 
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hae the same value on both hypotheses, and would receive the same estimate 
on both. Its significance is not in question; but whatever its value may be, 
it will not by itself give us any information about whether p * p*. If we 
introduce b as an unknown explicitly we therefore ensure that information 
relevant only to its value will not be confused with information relevant to 
whether p = p f . In my first analyses (1935, 1936) this was not done. But 
if b is introduced in this way it imposes a restriction on the possible values of 
p and p' ; values of p that might be possible a priori would imply negative p 
when b is given. Allowance for this complication has removed a serious 
inconsistency between the results obtained for three sampling problems, 
where the conditions of sampling are slightly different, but if the numbers 
tested for proportionality are the same we should not expect any notable 
difference in the criterion for significance. The possible range of p ' now 
depends on 6, and this introduces a new factor into the prior probability, 
which just removes the previous inconsistencies. 

If we should, by analogy, introduce a suitably weighted mean of the true 
values as a fundamental unknown in the comparison of series of measures, 
it may lead to a further restriction on the possible range of the difference, 
which will now have to be assessed subject to whatever value may be found 
for this mean, and this may alter the result. The change will not be so great 
as in cases already examined, since the result already found is of the right 
order of magnitude, but it is possible that the K found for large numbers of 
observations is too high and would sometimes lead to the rejection of a 
difference that a more accurate analysis would interpret as significant. On 
such an analysis the systematic difference would not be able to account 
for the whole expectation of the difference between two representative 
observations. 

On hypothesis q , then, we shall introduce an unknown x , which will be the 
true value for both sets, and two standard errors s and /; we express the 
previous ignorance and independence of these by taking 

P{q y dxdsdt \ h)cc dxdsdtjst. (2) 

If x x and x 2 are the means and rr and r the standard deviations of the two 
series of observations, denoted collectively by 6 , we have 

P[ 0 1 qhdxdedt ) oc s~ m r»exp (x x - *)* - ^ - ~(x 8 - x)* - ~£j. ( 3 ) 

The maximum posterior probability density and maximum likelihood for 
x are then given by 



(4) 
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On - q, we must regard x x and x 2 as estimates of two separate unknowns 
x x and x 2 , of which a: is a weighted mean. Attention is needed to the meaning 
of 8 and t. On g, since x is the true value, s 2 and t 2 are the expectations of the 
square of a departure from x, On ~q they must retain these meanings, but 
the departures of x x and x 2 from x will make contributions to s 2 and t so that 
the actual standard errors will be smaller. Then x will be defined by 



( 5 ) 


and if we put x 2 — x x « z we have 

nit 2 mje 2 

1 m s 2 +n t 2 2 ms 2 + nt 2 


( 6 ) 


while the standard errors 8 * and t' are given by 

s ' 2 - s 2 -(x 1 -x) 2 ] V 2 « * 2 -(x 2 -x) 2 . ( 7 ) 


The limits for z will be fixed by the fact that | x x — x | cannot exceed s, nor 
can | x 2 - x | exceed t . Thus if j z J < c, 


n/t 2 rajs 2 

m/8 2 +nlt 2C S ° r ml8 2 + nji 2C ’ 


(«) 


whichever gives the smaller value of c. The immediate question is therefore 
which of s/m and t/n is the greater. If the former, we must take the first 
value of c; if the latter, the second. This distinction therefore introduces an 
asymmetry into the treatment. The prior probability distribution is given by 


and 


P( ~g, dxdsdtdz j A)oc dxdsdtdz/ 28 tc i 


( 9 ) 


P (6 | ~g, dxdsdtdzh) 

oc s'- t'~* exp [ - £ Ti (®, -*,)*- - ~ (*, - *,)* - - (10) 

Hence combining (2) with ( 3 ), and ( 9 ) with (10), we have 
P(qdxdsdt | Oh) 


_ T m .. vm a n .. nr^ldxdsdl 

oca-t~«e X p|_-- 5 (x 1 —*)*-^-~ s (x,-x)»-^J-^ r - > (11) 

P(~qdxdsdtdz | Oh) 

, „ T m \* m(ri n /- v« nrndxdsdtdz 

K * 1 exp |_“ 2?* (afl ~~ 2P* *•) ~ W\ 

(12) 
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and the integration of (11) with regard to x gives 
P{qdsdt | Oh) 

OC 8~ m t 


s 2 jm + fijn ’ 
( 13 ) 


n T rrur 2 nr * (x x — x t ) 2 ~j f 2 n i* dsdt 

6Xp — 2 s* ~ 2 t 2 ~ ^(tt/m+lt/n)] \{m/a 2 +nji i )l ~sT ’ 


( 14 ) 


and that of (12) gives 
P(~qdsdtdz j Oh) 


mcr 2 nr 2 (z + tfx —£ 2 ) 8 "I 

( 2 rr 1 

fdsdtdz 

2 s ' 2 2 1 ' 2 2 (s' 2 /m+t' 2 /n)J 

\mls ' 2 + n/t’ 2 ) 

* 2 stc 


' ( 15 ) 

If the number of observations is enough for the standard error of z to be 
much less than c, we can replace the limits for z in ( 15 ) by ± go; integrating 
we find 


P(~qdsdt j Oh) 

oc M P [- sjpj- 3j£] ( fry^ifr, )' W/-» + '>»' 

, A , w f mcr* nr*"] 277 s't' dsdt 

■ .-i-wpL-ffi-giJ 5555 a;- 

We can integrate ( 14 ) once by the substitution l ~ su, which gives 
P(q j Oh) oc {\(m + n - 3 )}! 


dsdt 
2 ate 

( 16 ) 


x 21<™+» 




. nr 2 

nicr* + —s- H-=-7- 

w 2 -f n 


f-y-V*. 

\mu 2 + nf 


( 17 ) 


In the important cases we can temporarily replace s and t in ( 16 ) by s' and 
t *; for if these were not good approximations the systematic difference would 
be comparable with at least one of the standard errors of one observation 
and significance would be obvious. Also we take t/n < sjm . Substituting for 
c we find 

J»(~ ? |0*)=C * * * 




( 18 ) 


or, putting t' * a'u, 


oc 


X 2 * <m+n ~ 8 > J 0 °w- n |mo- ! + 


nT 2\-m+n-l) flu 


n + mu 2 ' 


( 19 ) 


VoLCLXVII. A. 


34 






372 H. Jeffreys 


The factors in the integrand of ( 19 ) that have m or n in their indices give rise 
to a Beta-function- Thesame would apply to ( 17 ) if it were not for the wm* 4 -» 
in one of the denominators. The same term introduces complications into 
evaluation by the method of steepest descents. Now this is the only term 
that involves the difference of the means, and if we approximated directly it 
would lead to the exp( — %x 2 ) factor that arises when the numbers of observa¬ 
tions are so large that we can neglect the uncertainties of the standard errors. 
The reason for dissatisfaction with this approximation is that with moderate 
numbers of observations the estimated standard error may be appreciably 
too high or too low, and the critical value of a difference is usually two to three 
times its estimated standard error. In this range the chance of a random 
difference is small anyhow if the true standard error is equal to or less than 
the estimate, but if the estimate is the lower, the chance of a random error in 
this range may be substantially greater. This complication is present both in 
problems of estimation and significance tests. In the latter, the observed 
difference may lead to the inference that the estimate of one of the standard 
errors is too low, rather than to an assertion of significance. A closer approxi¬ 
mation than the simple exponential one is therefore needed in cases whererthe 
standard error iB to be found from the aotual scatter of the observations. 

In the present case the estimated standard error of the difference x x —x % 
is (<r 2 /m + r 2 /n)* and the estimate of u is about r/cr; thus mu 2 + n depends on 
the (true) standard error of the difference, and the requisite improvement of 
the approximation depends on allowance for the variation of mu 2 + n near 
the maximum of the integrand. Unfortunately this term, in its exact form, 
prevents any compact expression for the maximum of the integrand from 
being obtained; but if we try to fit a form 6V~ 2 + D, such that it and its first 
derivative are equal to (mu 2 4 * n)~ l and its first derivative when u =* r/<r, we 
shall allow for the variation with a possible error of order (x x — # a ) 4 , and 
therefore one of order (x x -# g ) e in the integrand. The result is 



With this substitution ( 17 ) also can be reduced to a Beta-function except for 
a slowly varying factor, for which an approximate value can be substituted. 
Dropping some irrelevant factors, we have 


P(q \ 6 h)ac u m ~ l [{m<T 2 + Dmn(x x - x 2 ) 2 } u 2 

J 0 (hit 

+ {wr* + CmniZi - ^) 8 }1~ Km+ "~ 1) + , (21) 

P(~q\6h)acJ~~j o -_*L_. (22) 



Comparison of series of measures on different hypotheses 373 


Now if we put 

we find 

f” u n ~ l 

Jo (A«*+£)«“+»-» 


U 2 V 

A^+B^A' 


{^(w-2)}!{|(n-3)}l 1 

{£(wi 4 - n — 3 )}! 2 ^ 4 **” *>* 


and the maximum of the integrand is near 


w 2 


mB 
nA ' 


(23) 

(24) 

(26) 


Approximating on this basis and simplifying we have 
K - P(q\Oh)IP(~q\0K) 

/2 mmr 2 + «<r 2 \ i / (m*T* + raV 4 ) — 2 2 ) s \ 

\ n no 2 / l + (mr 2 + tut 2 )* ) 

1 n 2 cr i (x 1 —x i ) a \~ iim ~ 1) ( m a r a (xi — x t )* |-K»-w 

X ( + (mr 2 + no 2 ) 2 ) | + (mr ! + «(r , ) J ) 


( 26 ) 


A correction is needed for the replacement of s and t in ( 16 ) by s’ and t’, and 
therefore ultimately by <x and r. The factor needed in K is the estimated 
value of 


stc d(s',t') _ s 2 t 2 c 
a'¥c' f(sj) ~ PV*? 

= f, , (m a r i + n a (T i ) (x l -x, i y 2 \ l » V 2 (l,- x/\*/. m 2 r 2 (x 1 -x,) 2 \ 

( (wit 2 -f nor 2 ) 2 j \ (mr 2 + no 2 ) 2 } \ (wit 2 + no - 2 ) 2 / 

(27) 

so that the indices in ( 26 ) should be changed respectively to + J, — k(m — 2), 
— 4 (» — 3 ). On inspection this formula shows some novel and satisfactory 
features. The asymmetry with respect to m and n comes from the restriction 
that t/n < sjm ; if r/n xr/m we must interchange cr with r and wi with n. But 
the faotor (cr* + t 2 )* in (1) has disappeared. If r = 0, the outside factor 
still reduces to (2m/w)*, as it should. If t = <r, but w much greater than m, 
the faotor is multiplied only by (1 + m/n) 1 instead of by ^2, as it was before. 
The anomaly present in the previous solution has therefore disappeared. If 
however r/n < <r/m, it does not follow that r 2 /n < <r 2 /m, and if t is greater than 
<r but is associated with a larger number of observations the standard of 
significance may be substantially increased. But in this case the outside 
faotor cannot exceed (2(wi + n)/ir}*, and n is greater than wi. If the first series 
was absolutely accurate the factor would be (2n/w)*, so that this form is 
reasonable. 


* 4-3 
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The interest of the other factors is that the difference whose significance is 

in question does not rise wholly through its ratio to its standard error, as in 

previous tests; the ratio of the two contributions to the standard error is also 

relevant. If m and n are large, so that exponential approximations are 

! (x ~~x 1 

- J, as we should 

2(<rywi + T*jn)l 

expect; but for moderate values of m and n there is no analogous simplifica¬ 
tion. Now this is essentially reasonable when we recall that the departure 
from the exponential form represents the uncertainty of the estimated 
standard errors. If one set of observations gives a very small standard error 
of its mean, we are effectively comparing the mean of the other with an 
accurately determined value, and the test should reduce to the test for the 
significance of the difference between the mean of a moderate number of 
observations and zero. But if r 2 /n<g<r 2 /tn these factors do reduce to 
{1 4 - (x a —x a ) 2 /(r 2 }~* (m - 8) , which is the result already found for the latter case 
(Jeffreys 1938a, p. 177 , equ. ( 28 )). 

The formula is rather complicated, but one factor in ( 26 ) and ( 27 ) enters 
only with index and is of minor importance. If we replace m^r 4 + nV 4 in it 
by nPcr^mr 2 *f rwr 2 ) we shall commit an inappreciable error; and then the 
first two factors involving x x — x 2 coalesoe to give 

K = ( wT 2 + ncr 2 \* / n % <r 2 { x l -;5a)f / m 2 r % (x 1 -x 2 ) 2 

\ 7 T ncr 2 / \ + (mr 2 + no*) 2 / \ + (mT 2 + n<r 2 ) 

( 28 ) 

This reduces to the correct form when r = 0. When r 2 /w>cr 2 /w, with r/n 
still < crjm , we are comparing the second series with an accurate value. The 
first factor then approaches {2(n + m)/7r}*, (with n>m), the second to 1, the 
third to {1 4* (x x — £ 2 ) 2 /r 2 }~*< n “ a) , as it should. It appears therefore that ( 28 ) is 
sufficiently nearly correct in all cases where r/n < <r/m. When this inequality 
is reversed we must interchange m with n and cr with r in the first factor. 
The approximations used, however, are not reliable unless both m and n are 
at least 5 . 

2. Comparison when the standard errors are equal . It often happens that 
the two series of observations are made under suoh similar conditions that it 
is legitimate to take as part of our data that the standard errors are equal. 
This is the opposite extreme from the last problem. Here, if there are many 
observations in one set and only a few in the other, the scatter of the first set 
is relevant to the accuracy of the mean of the second; in the usual language, 
there is only one standard error, determined from w+n-2 degrees of free¬ 
dom, whereas in the last problem there are two, determined respectively 


j-Kn-8) 
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from m—l and n— 1. This problem can be treated as a case of the test for 
one new parameter, when there is another parameter, the mean of the whole 
set of observations, whose significance is not in doubt. 

As before, we introduce a parameter x, which is the true value on q > while 
on ~q it is defined by 

(m + n)x * mx x + nx v (1) 

We take also a function/, whose mean value over the observations is 0 and 
whose mean square is 1, and with the same value for each observation of 
either set. Then 

/«(»/m)*; /«-(»»/»)* (2) 


for the respective sets; and we can write 

x x = x+ (n/m)*a; « x — (mjn)^a, ( 3 ) 

where a is the new parameter to be found. The test for it is got from a previous 
one (Jeffreys 1938a, p. 177 , equ. ( 28 )) by replacing them of that formula, the 
number of new degrees of freedom, by 1, and n , the number of observations, 
by m -f- n; while since one unknown irrelevant to the test has to be eliminated 
the index of the last factor must be increased by Then we have 

+ (4) 

where a is the estimate of a and cr' 2 is the mean square residual after allowing 
for a. Then 

x x — x 2 - {(n/m)*-f (m/n)*}a » (ra + n)a/(wm)*, ( 5 ) 

(m +7i)cr l2 =«m<r 2 -f tit 3 , (6) 


(r and r being the standard deviations in the respective series. Then 

K - j 1 + p~«, (7) 

\ it ) \ (m+n){mcr t + nT i )j ' 

which is the form required. If we introduce the usual estimate <r ro of the 
standard error of x t — x t , 


K 


cr*, = (m + n)cr'*/mn, 

2(w+w)l*i (x t -x 2 ) a t -*<»*+»-«> 
. * | ( + (m + n)cr“J 


(8) 

(9) 


i;he second factor in which reduces to exp (— \x*) when m+n is large. The 
result is quite different in form from that of the last section, the difference 
ooming from the fact that cr and r here are estimates of the same quantity, 
whereas in the last they were estimates of two entirely separate quantities. 
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K will be larger for small values of x x - x v in relation to its standard error, 
and smaller for large values, 

3 . The test for the significance of one parameter , when the standard error is 
initially unknown. In this problem, the simplest of this type, if there is only 
one observation and no irrelevant parameter is to be found, there is no way of 
saying whether the departure of this observation from zero is random or 
systematic, and the test should be wholly indecisive; that iB, K should be 
exactly 1. In this case we have, without approximation, 

( 1 ) 

P(~q,dadx\dh)<x. («* - a*)-* exp [ - ~, (2) 


where, in (2), s is restricted to be greater than \x \. x is here of course identical 
with the single observation, and <r = 0. Integration of (1) gives 

P(q\ 0 h)cc(\ 7 r)*lx. ( 3 ) 


To integrate (2), put x = $sin0. Then 

'co pin 


P(~q\ 6 h)cc 


*2 


OC 


0 J-*ir 

1 r® /**» 


exp 


1 _ (* sin0~ir) 8 l dsdsp 
[ 2* 2 oos 2 0 ) 2s 2 

^ j 1 + erf (1 ian^j # 


oc(i?r)*/* = P(q\ 0 h). ( 4 ) 


Henoe if there is only one observation K is exactly 1, and the teat is inde- 
oiaive, as we should expect. 

Attention to such special cases is often desirable as a check on the general 
procedure, at any rate when only one parameter is under discussion. We 
have had similar cases already, notably that of the testing of an even 
chance (Jeffreys 19386, p. 487 ), where the first specimen gave exactly 
K «• 1; and if a sample of 2 x is equally divided, then the addition of a 
further specimen does not alter the value of K, which was again to be 
expected since the last specimen must be of one type or the other, whether the 
ohanoe is even or not. A little care is needed, however, since the result does 
not hold if the ohanoe tested is not even. The exact formula is 


K 


(s+y+l)l 

*!y! 


p*(l-p)v. 
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If we are testing a 3:1 ratio, p - f, and if we get x * 1, y » 0, then K « f; 
but if z « 0, y ** 1, In this case there is an asymmetry in the trial 

hypothesis q; if q is true we should expect the first result and not the second 
from the first trial, so that the results would naturally be expected to be 
different. 

It might appear that if m new parameters arose at once and just m obser¬ 
vations were available we should again get K * 1. I have tried to prove this, 
but did not succeed, and on further thought believe it to be untrue, even 
when the new functions are strictly orthogonal at the weights. On hypothesis 
q the whole variation is random, and the m coefficients are a Bample of values 
derived from the normal law. But we could take the m — 1 smallest, and 
these would lead to a definite probability distribution for the largest. On 
the m — 1 may contain systematic parts, and the normal distribution 
will in general be less extended than on q. If then the largest coefficient found 
lies beyond the range where this probability is appreciable it will afford 
evidence that the m coefficients are not a normal sample, and therefore 
evidence for ~q. Thus we may be able to assert the significance of at least 
one of the parameters even when the observations are too few to estimate a 
standard error according to the usual rules, because the smaller coefficients 
suggest a value for it.* If the new functions are strongly non-orthogonal the 
problem is formally easier. Thus if the functions are a cosine and sine, there 
may be two observations in opposite phases of the argument, say 0 and n. 
Then we have two observations capable of estimating a cosine term, and two 
are enough to give a judgement of significance (the constant term being 
supposed already known), though naturally not a very strong one. 

If may be mentioned that the transformation x s B\n<f> will reduce l/K 
to a single integral even if there are many observations, and could be used to 
obtain more accurate values for K than the present ones, which rest on 
an approximation by steepest descents, and cannot be used when n is less 
than about 5 . 

4 . The value of K to adopt for practical use must involve other considera¬ 
tions than those of pure knowledge. Omitting cases of selection, where the 
treatment can easily be adapted, we may say that ~q is supported by the 
data whenever K is less than 1, and q when K > 1. But if K ~ 1, - q has the 
same probability as the statement that an unbiased coin will throw a head 
at the next trial or that an estimate is right within its probable error, neither 
of which need be taken very seriously. If we are to assert either q or - q with 
much confidence K must be much more or much less than 1 . If we must 

* The point is somewhat analogous to the occasional use in agricultural experi¬ 
ments of high-order interactions to provide an estimate of error. 
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draw an absolute line somewhere, K « 1 is likely, as far as we know now, to 
produce a minimum number of mistakes ; but we are at liberty to surround 
K * 1 by two other values and say that within thiB range the data are not 
sufficiently decisive, and even this device would be purely one of convenience 
and sacrifice some information given by the actual values of K . Now these 
conditions of convenience are biased. At the least the introduction of a new 
parameter involves additional computation, the labour of which is not 
negligible. In economic applications, if action is to be taken on a discovery, it 
may involve a temporary loss during the transition, and it will be a matter 
for the economic advisers to say whether the ultimate advantage will com¬ 
pensate for this. It cannot be expected that these ethical values will be the 
same in all cases, but it is clear that they will tend to encourage future action 
on q even when the evidence is slightly against it. Some idea of the amount 
of this bias may be obtained from observations of behaviour. A physicist 
would hardly introduce a new parameter if it was only twice its standard 
error as estimated from the observations, even if it was predicted by a 
reliable theory independent of these observations, simply because the 
reduction of the residuals by allowing for it would not compensate for the 
extra trouble. Now the 5 % point of the normal law is at 1*90 times the 
standard error, and this point also is extensively used as the lower limit of 
significance in many current tests. It seems fair to say, therefore, that our 
limit, for practical use, should never be drawn below the 5 % point. A 
constant value of K does not correspond to one of P, though with ordinary 
numbers of observations it usually lies between P = 0-05 and P « 0 - 01 . 
But at small numbers of observations K «* 1 lies below the 5 % point, and 
this consideration should suggest a suitable value of K to take. The normal 
and x * distributions are not suitable as standards of comparison, because 
they say nothing about the number of observations, and the latter is useless 
at small numbers, but the t distribution is suitable. With Fisher’s definition 
of t (1936, p. 120), in the notation of the present paper, 

t 2 ax (n — 1) 

but the n of his table is my n — 1. My formula 

can therefore be written 


K 
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each ofFisher's values ofn being increased by 1. His 5 % values of t then give 
the following values of K : 


n (Fisher’s «+1) 

K 

n (Fisher’s n-f 1) 

K 

5 

0*610 

9 

0*519 

6 

0-652 

10 

0*622 

7 

0-529 

20 

0*612 

8 

0-620 

30 

0-719 


For the first few entries my formula may be appreciably inaccurate, but for 
n a* 8 and more it should be fairly good. It appears therefore that the 5 % 
point of the t distribution never corresponds to a value of K less than about 
0 * 5 , or to 2 to 1 odds on the need for the new parameter. If we are entitled to 
interpret this as indicating at what value of K we may consider a new 
parameter as worth introducing, the value should be about 0 * 5 ; but there 
will then be just about as much confidence in the need for it as in a statement 
that an estimate of a parameter, whose relevance is not in doubt, is right 
within its standard error. 

The inequality is reversed at large numbers of observations; thus for 
K » 1 and large n we have the approximation 

t 2 t log e 2n/7T, 

whereas the 5 % point of the t distribution tends to i » 1 * 96 . The properties 
of the logarithm make the rise very slow; when n = 100,000, t is still only 
3 * 32 . But if the 5 % rule was used habitually there would be cases, with 
large numbers of observations, when a new parameter is asserted on evidence 
that is actually against it. Users of the rule usually advocate it with con¬ 
siderable caution, which would agree with the indications of the present 
theory up to about 30 observations, but at large numbers it is definitely too 
lax. It would mean drawing the line at such a limit as to give a fixed per¬ 
centage of what Neyman and E. S. Pearson call errors of the first kind, with 
respect to the number of cases where q is true; but as the limit is at our 
disposal we are entitled to take it further out and reduce this percentage 
still further if there is no special reason to expect values of the new parameter 
in the range affected. To reject the null hypothesis in any cases at all 
where it is true is not a desirable action for its own sake. It is an evil 
that becomes necessary if we are to have any criterion for detecting cases 
where q is untrue, and we are justified in taking such steps as will reduce 
its importance to a minimum. 

It may be worth while to call attention again to the reason for the increase 
of t and its analogues in other tests when the number of observations is very 
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large. If we start with the minimum of information about the new para* 
meter, which is quite likely to be zero but might account for most of the 
outstanding variation until we have actually analysed the data, then as we 
increase the number of observations the standard error of the estimate 
steadily falls. If the parameter is not zero, however, it is independent of the 
number of observations, and will ultimately become several times the 
standard error of its estimate and asserted to be genuine. If the estimate 
persists within the order of magnitude of its standard error, our confidence 
that this is because the parameter is really zero will naturally increase, on the 
ground that with a large number of observations it is increasingly unlikely 
that we should have failed to find it if it was there. This of course is a well- 
known phenomenon in physics, where an estimated difference, always in 
doubt, strengthens that doubt by diminishing every time the number of 
observations is increased or the experimental technique improved; and it is 
represented in the present theory by the increase of the outside factor in K , 
When the number of observations is small, this factor is not much more than 
1 , and it is impossible to obtain strong support for q however well the ob¬ 
servations may agree with it; and in sampling problems in similar conditions 
it is also impossible to obtain strong support for ~q. It may be recalled that 
in the problem of sampling to test an even chance it took an 80 : 80 sample to 
give 10 to 1 support for q and a 7 :0 one to give 10 to 1 support for ~q. It is 
in such cases that we say that there is not enough evidence to make a de¬ 
cision, and any definite rule will make a considerable number of mistakes of 
one kind or the other. Mathematically, the ratio of the estimate to its stan¬ 
dard error must increase with the number of observations because it has to 
counteract this factor to reduoe K to any fixed value. In general terms, it 
must increase because the number of cases where q is still acceptable remains 
the same, but those where it is untrue and its falsehood still undetected 
become fewer. (I am not here considering cases where selection of an extreme 
value, or previous knowledge indicating a restriction on the possible values 
of a new parameter, needs to be taken into account; they only complicate 
the matter without altering the general principle.) What the increase of the 
critical value does beyond, say, the 5 % point, is to reduce the probability 
of an error of the first kind, while possibly slightly increasing that of one of 
the second, and when it has reached the 1 % point it may well be considered 
that there is little to gain in any case. If a difference beyond the 1 % point 
gives K > 1, it will often be worth while to test whether some unconsidered 
dependence between the observations such as that discussed already 
(Jeffreys 1938a, pp. 187 - 90 ) has led to an underestimate of uncertainty. 
Such correlations are far commoner than differences in this range are likely 



Comparison of series of measures on different hypotheses 381 

to be in their absence, and such a result may be regarded as an indication of 
the need for investigation. The use of a fixed P limit at large numbers of 
observations involves a definite danger that discrepancies due to correlations 
may be interpreted as systematic. 

My own inclination, which is definitely a matter of personal impression of 
the economic factors involved, is that it would be worth while to consider 
separately the cases K = 1, 1 / 3 , 1/10, and 1 / 30 . If K > 1, the evidence is in 
favour of q. If 1 > K > 1 / 3 , it is in favour of ~q , but not sufficiently to repay 
special attention; 1/3 > K > 1 / 10 , ~q is worth adopting with reserve; 
1/10 > if > 1 / 30 , lesB reserve is needed; and if if < 1 / 30 , ~q may be definitely 
asserted. 

5 . It is often convenient for numerical purposes to round off or group 
data before analysis, and there has been some discussion on the method of 
allowance for the resulting increase of the standard error. Should the 
standard error of a mean, for instance, be taken from the grouped data, or 
should it be first corrected for grouping? Fisher (1936, p. 79 ) pronounces 
definitely in favour of the first alternative, but the second has occasionally 
been adopted. There are also cases, such as the discussion of gravity, where 
the data include a random error of observation, and this slightly inflates the 
variation of the residuals; but possible systematic effects are confined to the 
part not so explained, which is much larger. In a previous analysis (1936, 
p. 440 ) I obtained an intermediate result for this case. The uncorrected 
standard error appeared in the factor depending on the new parameters, but 
the outside factor was somewhat reduced. This test does not need much 
discussion, because it was a generalization of one already known to be 
seriously wrong when more than one degree of freedom arises, but the 
analysis contains a mathematical complication, which would arise even in a 
problem of estimation. The integrals used to obtain the result would in fact 
always diverge at the lower limit for the standard error. In the case where the 
standard error might be 0, convergence at the lower limit is saved by the 
exponential factor; but when the standard error includes a known observa¬ 
tional part the exponential factor cannot tend to zero, and the integrals 
diverge. The analysis in the case of gravity would say that we can never 
dispose of the possibility that the whole variation is due to the known ob¬ 
servational error; whereas in fact it is already disposed of by the comparison 
of observations in different places with the differences between observations 
repeated at the same place. If a known random error is introduced by 
grouping, its range is finite and this possibility is excluded by the distribu¬ 
tion of the observations before grouping; even if some device introduces a 
normally distributed error, the possibility that there is no other variation is 
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similarly excluded. In fact the analysis used sacrificed an important piece of 
information; but since I did not notice the divergence and confined my 
attention to the contributions from the neighbourhood of the maximum 
likelihood solution, this information was restored, without my noticing that 
it had ever disappeared. 

It appears from general considerations that Fisher’s recommendation is 
nearly right. If we take the approximate form, for one parameter, 



and consider the argument leading up to it, it is clear that cr a is the standard 
error of the estimate as actually obtained, and therefore includes the 
additional errors, m, the permitted range of a , no longer reaches the whole 
2s, where s 2 is the expectation of the outstanding variation, since the known 
part s' 2 is not due to a systematic variation. The only change needed from the 
case where the range of variation is initially completely unknown is that K 
should be multiplied by the estimate of (1 ~s' 2 /a 2 )*. Further, since the per¬ 
mitted range in the corrected test for several degrees of freedom arises only 
to the first power, the same correction is needed. But it would be unim¬ 
portant unless s' was very near 8 . In the case of grouping or a superposed 
normal error, this would mean that the additional error accounted for most 
of the variation; and the appropriate comment would be that we should 
consider the data as they stood originally. If it should happen in some 
analogue of the gravity problem, an accurate determination of s' would be 
so important that it would be desirable to treat it also as originally unknown 
and assemble all the data relevant to it, and not reject the possibility that 
the current ones may lead to a revision of it. But then we are back to the case 
where the whole variation is treated as initially unknown, and the ordinary 
test will apply. 

6. As many of the tests that I have given in previous papers have had to 
be revised to take account of the condition that the parameters accepted as 
significant on the null hypothesis must have exact analogues in the state¬ 
ment of the contrary one, or for other reasons, it is desirable to give here a 
list of the tests and of the places where they are corrected: 

1935, pp. 203 - 5 . Comparison of two samples (there called contingency). 
Approximately correct if x -f y < any of x + x\ y + y\ x' -f y'; improved 
discussion in 19376. 

pp, 206 - 7 . Measurement when the standard errors are known, pp. 211 - 13 . 
Measurement when the standard errors are previously unknown. Revised in 
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the present paper; but relevant only when the permitted range is already 
indioated as much less than the total variation, and this is treated in 1938a, 
p. 178. 

pp. 213—17. Test for a difference between a correlation coefficient and 
zero. Correct. 

pp. 217-21. Periodicity. Superseded by 1938a, pp. 173-9. 

1936, PP- 427-32. General contingency and multiple sampling. Superseded 
by 19376 and the discussion of selection in 1938a, 
pp. 432-7. Representation of a set of measures by assigned functions. 
Superseded by 1938a, pp, 173-9. 

p. 440. Ditto, where part of the variation is known to be random. Super¬ 
seded by § 5 of the present paper. 

p. 440. Example on test of bias in dice. Correct. 

p. 441. Test of randomness in the occurrence of earthquakes in widely 
separated regions. Approximately correct. 

p. 445. Test of the anomalous movement of the plane of the orbit of Venus. 
Revised in 1938 a, with a better test and more recent data. But the possibility 
that the apparent anomaly is due to non-independence of the errors remains 
untested. 

1937a. Comparison of series of measures. Revised in the present paper. In 
the example at the end the allowance for selection would be better 
treated as suggested in 1938a, p. 164, but the main conclusions are 
correct. 

19386. Frequency of aftershocks of earthquakes. This was written before 
some papers that were published earlier. If I was doing the problem 
now I should determine the general law of decline, with allowance for a 
possible departure of the index from - 1, by the minimum x 2 approxi¬ 
mation (Jeffreys 1938c); I should also use a rather less drastic grouping 
in testing some of the periodicities suggested (Jeffreys 1937c, p. 313) 
and adapt the test of 1938a. But as the number of observations is such 
that my K « 1 oomes beyond the 5 % point, and none of the results 
. reached the latter, I do not think revision necessary. 

Summary 

A test previously given for the significance of the difference of two means, 
when the standard errors are unequal, is revised to take account of the 
uncertainties of the standard errors and of a theoretical complication that 
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has given trouble in other tests. The case where the standard errors can be 
assumed equal is derived from an existing formula. Some inoidental points 
are discussed and a list is given of testB that have been revised in later work* 
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On the absorption of light by crystals 

Br N. F. Mott, F.R.S., H. H. Wills Physical Laboratory, 
University of Bristol 

(Received 14 June 1938 ) 

1, Theory op the absorption op light 

The purpose of this paper is to discuss the absorption of light by non- 
metallic solids, and in particular the mechanism by whioh the energy of the 
light absorbed is converted into heat. 

If one considers from the theoretical point of view the absorption spectrum 
of an insulating crystal, one finds that it consists of a series of sharp lines 
leading up to a series limit, to the short wave-length side of which true 
continuous absorption sets in (Feierls 1932; Mott 1938). In practioe the 
lattioe vibrations will broaden the lines to a greater or less extent. When a 
quantum of radiation is absorbed in the region of true continuous absorption , 
a free eleotron in the conduction band and a “ positive hole ” are formed with 
enough energy to move away from one another and to take part in a photo- 
ourrent within the crystal. When, however, a quantum is absorbed in one of 
the absorption lines, the positive hole and eleotron formed do not have 
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enough energy to separate, but move in one another’s held in a quantised 
state. An electron in a crystal moving in the field of a positive hole has been 
termed by Frenkel (1936) an “exciton”. 

When an exciton is formed by the absorption of a quantum of radiation, 
there are three things which can happen to it. These are: 

(а) The electron and positive hole may separate, the neoessary energy W 
being provided by the thermal agitation of the surrounding atoms. If 
(a) happens with appreciable probability, the crystal will show photo¬ 
conductivity for the wave-length concerned. We shall denote by Pdt the 
probability per time dt that the electron and hole separate, and shall assume 
that P varies with the temperature according to the law 

P _ ve -w7*r 

where v is of the order of the atomic frequency, 10 13 sec.- 1 . 

(б) The electron and positive hole may recombine, with the emission of 
radiation; we denote the probability that this occurs per time dt by Adt; A 
will be of the same order as for an atom, namely, about 10 8 sec.^ 1 , and will be 
approximately independent of temperature. If process ( b ) happens with 
appreciable probability, the crystal will show luminescence. The frequency 
of the re-emitted radiation will in general be less than that of the absorbed 
radiation, because, as pointed out by Frenkel (1936) and others, the atoms 
move into new positions of equilibrium after the absorption act, and some 
energy is dissipated as heat. This is discussed below. 

(c) The electron and positive hole may recombine, giving up their energy 
in the form of heat. This process has been investigated from the theoretical 
point of view in a number of papers (Peierls 1932; Frenkel 1936). No 
estimate has, however, been made of the probability of this process and of 
its variation with temperature. We shall therefore give a discussion of this 
for halide crystals, following a scheme for the excited levels due to Seitz 
(i93 8 )- 

When a halide crystal absorbs a quantum of radiation, the electron is 
removed from a halogen ion into an “orbit” in which it revolves round the 
“hole” so formed.* 

Suppose now that either before or after the absorption act we displace the 
ion or atom of the halogen a distance d in any direction and plot in fig. 1 the 
energies of the normal and excited states of the crystal as a function of d . 
Clearly it will require more energy to displace the large halogen negative 

* Various authors (de Boer 1935 ; Hilsoh and Pohl 1931 ; von Hippel 1936 ) have 
assumed that the electron is removed onto a neighbouring metal ion; while this may 
be approximately correct for the alkali halides, it does not seem to be a good approxi¬ 
mation for the silver salts, as we shall see below. 
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ion than the smaller halogen atom. The energy for the normal state will thus 
rise more steeply than for the excited state, as shown. It is possible that the 
curves cross, as in the diagram. 

If now the electron returns directly from A to B, it must get rid of several 
electron volts energy and thus excite perhaps 100 quanta at once. This 
process has been discussed theoretically by Peierls (1932) who shows that it 
can occur, but only if there is very strong coupling between the electron and 
the lattice vibrations. We shall, then, tentatively assume that the electron 
will only jump from the excited to the normal state if thermal agitation 



brings the central atom to the point C, from which it can return to the normal 
electronic state at D by giving up only a few quanta of radiation. With this 
assumption, if Bdt is the probability per time dt that the electron returns to 
its ground state with the emission of heat, we should expect that 

B = p't-WlkT % 

where W’ is the energy necessary to bring an electron from A to < 7 , and v* 
will be of the same order (but perhaps rather less than) the atomic frequency. 

We may now write down the number ri e of free electrons and the number 
if# of re-emitted quanta obtained per quantum absorbed. These are 
Ve “ Pj(P + A + B) 

« £1 + ^ ffvtkT + v _ efjr-wykT^' t 

and «■ A/{P+A + B). 

Consider first %, remembering that vjA ~ 10*. 
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In fig. 2 rfc is plotted as a function of temperature for different values of the 
ratio W'jW (the value of v’jv is consistently taken to be so that for high 
temperatures 7 f e approaches the value §). If W' > W there will be a sharp 




Fiq. 3. Number of quanta re-emitted per quantum absorbed. 

drop as the temperature is lowered; tj e reaches about 1 % of its original value 
for a temperature T t , given by 


and thus by 


T e 


A tW\ 

7 exp ter 100 ’ 

W/klo^jx 10o\ ~ 0*06 ^ -. 


(1) 


Vol. CLXVII. A. 


25 
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If W > W', tj e will fall somewhat less sharply (the drop being caused here 
mainly by the term (v'jv) dW-wykTy 

We now oonsider the number 7] q of quanta reradiated per quantum ab¬ 
sorbed 

Vq ” [l + j e ~ WlkT +J e-^ 7fcr J” 1 . 

i) Q will have fallen to about 1 % of its low temperature value at one of the 
temperatures jP ff or T' given by 

L e -wikT 9 - ioo and v ^ e - w 'l kT ‘<i~ 100 
A A 

and hence by 2;~014 W/k t T' q ~ 0-14 W'/k, (2) 

whichever is the lower. The form of rj q is shown in fig. 3. 


2. Comparison with experiment 


(a) Alkali-halides with F centres . As shown by the work of Pohl and his 
co-workers on photoconductivity (Pohl 1937), the current per absorbed 
quantum in coloured alkali-halides drops sharply by a factor of the order of 
1000 as the temperature is lowered below a critical temperature, — 150° G. in 
sodium chloride. Gurney and Mott (1938) have interpreted this on lines 
similar to those of this paper, but have taken A and B independent of T, 
so that 


[ 


i+^L±^ e mkT 


T- 


They found fair agreement with experiment with 


W = 0-075 e-volt and (A + B)jv = 0-0033. 

With the larger number of variables available in the present theory it will 
certainly be possible to obtain a fit, but one can no longer deduce a value for 
W, i.e. the work required to remove an electron from an exoited F centre. 

(6) Pure alkali-halides. No photoconductivity is observed, probably 
because the work W necessary to separate an “exciton” into an electron 
and positive hole is too large. Theoretical estimates of W are made below. 

(c) Silver halides. The work of Lehfeldt (1935) has shown that even at 
liquid-air temperatures r) e is greater than 0-5. No measurements of the 
primary photoelectric current have been made at lower temperatures, but 
the secondary current shows, according to Lehfeldt, a very sharp drop at 
about 50° K. for AgCl and 25° K. for AgBr. The drop in the secondary 
current is believed to be due to a drop in the primary current. 
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We believe these sharp drops must correspond to the temperature T f 
discussed above, and that the curves are of the type for which W' >W shown 
in fig, 2. This conclusion is strengthened by the fact that these salts show 
luminescence at low temperatures.* We conclude that the energy W 
necessary to separate a positive hole and electron is (for AgBr) 

W ~ 25 ° fc/O 06 
- 0-035 e-volt. 

This very low activation energy will be discussed in the next section. 

The experimental result, that in silver halides the drop in the photo¬ 
electric current occurs at such low temperatures, has interesting conse¬ 
quences for the theory of the photographic latent image in halide emulsions. 
The primary action of the light is believed to be the production of free 
electrons; if this happens at low temperatures, they become trapped at 
surface levels, whence they are released when the emulsion is warmed up for 
development, the actual latent image formation then taking place. Berg and 
Mendelssohn (1937) find that emulsions still have considerable sensitivity at 
liquid hydrogen temperature; we should expect a very marked drop in the 
sensitivity as the temperature is lowered to that of liquid helium, 

3. The activation energy W 

As we have already stated, for the alkali-halide crystals various authors 
have assumed that in the first excited state the electron is removed from a 
halogen atom on to a neighbouring metal atom. Such an assumption gives 

W * e a /xr, 

W being pictured as the work necessary to remove an electron from a metal 
atom adjacent to a neutral halogen atom, to a metal atom at infinity, tc is 
here the dielectric constant. This model gives energies of the order 0*5 e-volt 
for the silver halides, which is much too big, and we do not believe that it is 
necessarily correct. 

An electron and positive hole in a crystal attract one another with a force 

e z jKr % , 

when they are at a large distance r from one another. If then they are in a 
stationary state of principal quantum number n and high azimuthal 

* I am grateful to Dr R, Hilsoh for a private communication about this. 


25*4 
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quantum number, the energy required to separate them must be given by 
the hydrogen-like formula 


m 0 e 


where m 0 = m x m 2 /(m 1 + m 2 )and m a are the “ effective M masses of electron 
and positive hole. We shall assume m 0 equal to the mass m of a free eleotron, 
so that 

W = 13 * 5 /w 2 k 2 e-volts. ( 3 ) 

For the first excited state we shall assume an effective quantum number 
n* which we determine from experiment, as follows: The absorption spectra 
of the alkali-halides consist of a number of peaks, and it is possible to 
estimate with some certainty the interval W Q between the first excited state 
and the series limit, and to compare the values with ( 3 ). We must, however, 
take for k the value a: 0 for fields of frequencies large compared with the 
residual rays (so that ^/#c 0 is the refractive index), because by the Franck - 
Condon principle the absorption process takes place too quickly for the ions 
to move into new positions. The values obtained are as follows: 



NaCl 

KC1 

KBr 

First absorption line (e-volte) 

7*8 

7*6 

6*6 

Series limifcf (e-volts) 

9*64 

9*42 

8*3 

Difference, IF 0 (oba.) (e-volta) 

1*8 

1*8 

1*7 

*0 

2*33 

2*17 

2-35 

n* (deduced from (3)) 

1*2 

1*3 

1*2 


t Cf. Mott ( 1938 ). 


We shall thus take n* = 1-2 as a mean value for the alkali halides, and shall 
assume this value to be valid for silver halides also, for which it has been 
possible to separate the various peaks in the absorption spectrum. 

In working out the energy necessary to separate an electron and positive 
hole thermally , we must take k to be the dielectric constant for static fields, 
since after the absorption act the ions surrounding the positive hole will 
move into new positions, outting down its field from e//c 0 r* to e/*r*. The 
calculated values of W are thus: 



NaCl 

KC1 

KBr 

AgBr 

Dielectric constant k 

5*3 

4*3 

4*4 

12 

W (e-volts) 

0*34 

0*68 

0*49 

0*06* 


Owing to the larger dielectric constant; of AgBr we see that W has a much 
lower value for this salt than for the alkali halides; a slightly larger choice of 
n* would bring it down to the value 0*035 e-volt which we deduced above. 
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In order that, for the alkali halides, no photoconductivity should be 
observed up to a temperature 1 \ it is necessary by (1) that W should be 
greater than /cIT/ 006 . Taking T to be 300 ° K., this gives a value in the 
neighbourhood of 0*4 e-volt. We should thus expect, on the pure alkali 
halides illuminated on the long wave-length tail of the absorption band, that 
photoconductivity would be observed near or above room temperature. 
Experiments above room temperature do not seem to have been made. 


Summary 

The mechanism of the absorption of light by solids is discussed from the 
theoretical point of view. The energy of a quantum of radiation can be 
converted into heat, re-emitted as fluorescent radiation, or used up in 
producing a photoelectric current within the solid; estimates are made of the 
dependence on temperature of the relative probabilities of these processes, 
which are compared with experiment. 
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The sorption of polar and non-polar gases 
by zeolites 

By Richard M. Barker 

(Communicated by Eric K. Rideal , F.R.S.—Received 2 May 1938 ) 

Details of zeolite structures have been obtained by X-ray methods, 
complete (W. H. Taylor and co-workers 1933-4) in the cases of natrolite, 
scoleeite, mesolite, edingtonite and thomsonite, and partially complete in 
the cases of chabasite (Wyart 1931, 1933 )> anal cite (Kastner 1931; Taylor 
1930) and heulandite (Parsons 1932; Wyart 1933). Three types of zeolite 
framework have been recognized: 

A. Three dimensional networks (chabasite, analcite). 

B. Fibre structures (natrolite, scoleeite, thomsonite, mesolite, eding¬ 
tonite). 

C. Plate-like structures (heulandite, and possibly mesolite). 

These frameworks are anionic Si-O-Al networks, containing interstitial 
and exchangeable cations, and also neutral molecules of water, which are 
replaceable in some instances by molecules of ammonia, iodine, mercury or 
gases. 

This paper describes an attempt to relate the sorptive properties towards 
permanent gases (Part I) and towards ammonia (Part II) to the structures 
and properties revealed by the X-ray method. While it is usual in sorption 
studies to focus attention upon the gases being sorbed, in these researches 
the influence of lattice structure upon the sorption processes has been 
especially considered. Samples of zeolites were chosen from each of the three 
classes listed above, and the sorption on them of the permanent gases 
helium, hydrogen, argon, and nitrogen and of the polar gas ammonia was 
measured. The former gases possess no dipoles; therefore in their sorption 
only van der Waals forces were encountered. This purely physical sorption 
revealed that van der Waals interactions could be multiplied 41 by the 
peculiar environment of the sorbed atom within the lattice. Such effects 
having been elucidated, the more complex interactions of the polar gas 
ammonia may be studied. Here powerful ion-dipole interactions occur, and 

♦ Do Boor and Custers ( 1934 ) calculated that van dor Waals sorption heats in long 
cylindrical channels may as an optimum have six times the value of the sorption heat 
on a plane surface. 


[ 392 ] 



The sorption of polar and non-polar gases by zeolites 393 

a variety of new and specific properties (Part II) appears. Heats of sorption 
of polar gases on zeolites have been reported of sufficient magnitude to 
suggest chemical reaction. The sequel will show however, that these heats 
could feasibly be comprised of ion-dipole and van der Waals interactions 
multiplied by the environment. 

For certain zeolites of known detailed structure it is possible to calculate 
the potential of sorbed gases within the lattice, using the Kirkwood (1932) 
approximation to the dispersion forces, which has been found to give the best 
semi-empirical representations of sorption forces (e.g. Barrer 1937); the 
attempt to do this was carried out in this paper. 

PART I. SORPTION OF PERMANENT OASES BY ZEOLITES 
Experimental 

The apparatus (Barrer and Rideal 1935) and methods of temperature 
measurement (Barrer 1937) have been described elsewhere. The zeolites 
used and their outgasaing were as follows: 

Chabasite (Ca 2 Al 4 8i 8 0 24 .12H 2 0). Dehydration was carried out in vacuo 
at progressively increasing temperatures for several days. The temperature 
was finally raised to 480° C. for 1 day. 

Analcite (Na^Al^Sig^O^. 24H 2 0). Dehydration in vacuo at 330° C. for 
3 days. 

Natrolite (Na 16 Al 10 Si 24 0 8O .16H a O). Dehydration as for analcite. 

Scolecite (Ca 8 Al 16 Si 24 O 80 .24H a O), Dehydration in vacuo at 200° C. for 
2 days. After a number of experiments the scolecite was further dehydrated 
at 330° C. and experiments were repeated. The more severe treatment 
removed more water. 

Heulandite* (Na, K) x Ca„ Al x42y Si^t*^) 0 7a • where 

6<a; + 2y< 10. 4<x + y<6. 

Dehydration in vacuo for 2 days at 130°C. After a number of experiments 
further evacuation at 330° C. removed more water, although the dehydra¬ 
tion at 130° C. developed a large sorptive capacity for water. 

It is seen that complete removal of water requires very prolonged out- 
gassing at 330-350° C. Dehydration was only partial for heulandite and 
scolecite, for example, below these temperatures. The formulae given (Hey 
1937) are those for the structure repeat as indicated by the X-ray method. 

* The chemical composition of all zeolites is somewhat variable, but that for 
heulandite is very variable (Hey 1937 ). 
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The zeolites are prone to isomorphous replacements of the types 2Na + -*Ca + + 
and (NaSi) 6 +~>(CaAl) 5 +; so that variations in the structure repeat formulae 
may occur. 

The permanent gases were often recovered after an experiment by 
condensing at 89° K. in a side limb containing dehydrated chabasite. 


The isotherms 
Zeolite# with rigid frameworks 

X-ray measurements .show that analcite and chabasite are rigid three- 
dimensional networks which do not collapse when interstitial water is 
removed* (Taylor 1934). 

The sorption isotherms of hydrogen, nitrogen and argon on chabasite are 
given in figs. 1 a, 6, and c. By extrapolating the isotherms plotted as 
log xjp against log# until the curves become vertical, the saturation values 
at liquid air temperatures may be observed. At 89° K. these values were: 

H a ~280c.c. at N.T.P. per g. of original chabasite. 

Argon-250c.c. at N.T.P. per g. of original chabasite. 

N a ~ 104 c.c. at N.T.P. per g. of original chabasite. 

This weight of chabasite would contain 266 c.c. of water vapour. Thus at 
89° K. and at saturation of sorption one may write for the unit cell 

Ca 8 Al 4 Si 8 O a4 -f 12(H 2 or A), and CasAl^O^ + 7*5 N B . 

Penetration of the lattice can be as complete for these gases as for water and 
ammonia. The peculiar diminution in the saturation value for nitrogen has 
been observed before (Rabinowitsch and Wood 1936), but the saturation 
value is more than one-half that for hydrogen, water, and argon, so that 
nitrogen occupies less than twof of the chains of cells which may be supposed 
to compose the sorption channels. There is no reason why N t , H 2 and A, 
without dipoles, should be strongly anchored in any cell; simply nitrogen 
with the greatest diameter, is least sorbed—less of it fills the sorption volume. 

When expressed as the logx/p-logx curves of fig. la (for hydrogen) the 
isothermals on chabasite show a point of inflexion occurring at an #-value 
of ca. 90c.c./3*98g. This may indicate that all the available spaces in the 
chabasite skeleton are not similar, and that the resultant isotherm is 

* A certain amount of shrinkage in analcite is however suggested by density 
measurements (Friedel 1896 ). 

t Cf. Hey ( 1935 ), who allocates two cells to each nitrogen molecule. 
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Fig. 1 a. H a on ohabazite. 



Fig. 1 6 . N t on ohabazite. 


0 
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composed of two superposed isotherms. One should therefore write the 
sorption oomplex as 

Ca a Al 4 Si g O a4 + (12 — x) H 2 , A + a: H a , A, 

where x denotes the number of spaces of the second type per structure 
repeat. The point of inflexion may be a result of, or superposed upon, the 
trend in the sorption heats as a function of gas charge discussed later. 



The iBOthermals for hydrogen, nitrogen, argon and helium upon analcite 
outgassedat 330° C. are given in figs. 2 a and b. Those for helium obey Henry’s 
law down to 65° K. None of the isothermals when plotted as log xjp against 
log x give points of inflexion, and although it will be shown later that the 
sorption heats decrease somewhat as the charge increases, this decrease is not 
great, and one can say that the available spaces in analcite are nearly all of 
one kind. When one tests the Langmuir isotherm by plotting p/x against p, 
both for analcite andchabasite instead of straight lines, one gets curves with 




c.c. sorbed at N.T.P 
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the maximum curvature near the origin, and an approach to linearity for 
larger amounts sorbed. This behaviour was the same as that observed in 
sorption by Acheson graphite (Barrer 1937 ) and as for the systems there 
described is to be associated with the trend in the sorption heat with the 
gas charge. 

The amounts sorbed by analcite (ca. 230c.c./7-86g.) fall far short of the 
theoretical value of 1200 c.c. at N.T.P. corresponding to the formula 
Na 16 Al 16 Si 24 O 80 .24H z O. Further outgassing at 330° C. failed to give a 
sorption saturation for ammonia approaching the theoretical (Part II). 
Thus a partial collapse followed prolonged outgassing at 330° C. The varia¬ 
tion in the apparent saturation of sorption is given in Table I, which should 
be compared with Table I, Part II: 


Table I. The apparent saturation of sorption at 

DIFFERENT TEMPERATURES 





Apparent 

saturation 

Zeolite 

Gas 

Temp. 0 K. 

(c.c. at N.T.P./g.) 

Chabasite 

N, 

89-2 

164-0 



194-5 

75-2 


N,* 

830 

170*0 



193-0 

90-0 

Analcite 

N, 

79*5 

30-3 



194-5 

15*1 


H, 

62*2 

33*0 



78-5 

27*7 



90-0 

23 7 


* Data of Kabinowitsch and Wood ( 1936 ). A similar ratio was found for Ca, Sr, Bft, 
Na, K, and Cd chabasitea with slight variations in the absolute values. 

The apparent saturation values fall off nearly linearly with temperature, 
so that one might say that the co-volume of each sorbed molecule in the 
lattices increases linearly with temperature. This could be a property of a 
gaseous system contained within a constant sorption volume. It argues 
against finite chemical associations of the sorbed molecules with the lattice, 
since the composition should not then alter with temperature. Similar 
variations in the sorption saturation were observed in Part II for ammonia- 
zeolite systems wherein no new phase was formed by Borption. 

Zeolites with fibrous structures 

Natrolite, scoleoite, mesolite, thomsonite and edingtonite all consist of 
similar chains of Si-O-Al tetrahedra cross-linked in different ways (Taylor 
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1934 ). The interstitial cations can of course be different, as may the quanti¬ 
ties of interstitial water. Natrolite and soolecite with the cations Na+ and 
Ca 44 and different amounts of interstitial water can be regarded as typical of 
the series. 

The thermal treatments given were less severe than that gi ven to chabasite, 
which had showed no signs of collapse. The isothermals for argon and 
hydrogen on natrolite and scolecite show that sorption was confined to the 
external surfaces only. Under no circumstances could these zeolites be 
induced to sorb any but small amounts of gas (several c.c. on 8 g.). Natrolite 
sorbed more than scolecite and more vigorously. 

Thus the evidence indicates that the modification of the water-bearing 
channels on dehydration was enough to exclude the permanent gases. 
X-radiograms of the scolecite samples used when compared with hydrous 
crystalline scolecite showed a blurring out of some lines, but that the actual 
dimensions of the unit oell had not altered much.* The same result had been 
earlier observed for natrolite (Hey 1932 ). Thus either the original channels 
were too small to admit argon, or a reorganization occurred about the 
channels which filled in the water-bearing channel without appreciably 
altering the lattice dimensions. The problem was attacked from a theoretical 
viewpoint by calculating the absorption potential in a natrolite lattice, 
the large positive heats of sorption there calculated indicating ample 
space in the original channels. The removal of ammonia from a natrolite- 
ammonia was then carried out by evacuation at 125° C., in the hope that at 
this temperature the evacuated crystal would be robust enough to retain its 
pore structure. An argon isotherm at 80*5°K. showed however that apart 
from capillary condensation at higher gas pressures the sorptive capacity 
was not altered. The data given in Part II indicate that penetration of most 
fibrous zeolites by ammonia or water involves formation of new phases; 
whenever this occurs, permanent gases unless they too yield new phases 
must be excluded, since, as pointed out in Part II, phase formation occurs 
with reorganization within the unit cell, the capacity to cause which is 
limited to gases showing a powerful affinity for the lattices (ammonia and 
water). In the case of scoleeite-ammonia however, even ammonia failed to 
enter the dehydrated lattice, and behaved like the permanent gases (Part II). 
lake the other permanent gases helium was also unable to penetrate the 
dehydrated lattices of natrolite and scolecite, in spite of its small diameter 
(2-5 A). 

* I am indebted to Drs Hey and Bannister for examination of the scolecite by the 
X-ray method. 
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Zeolites with laminar structure 

Heulandite and probably stilbite are members of this class. The anionic 
laminae are thought to be bound together by cations, and between them also 
is the interlaminai water, some of which is removed very easily (Taylor 
1934 ), Dehydration is accompanied by a great shrinkage in a direction 
normal to the planes of the laminae (Wyart 1930 ). In an attempt to avoid 
too great a shrinkage, dehydration of heulandite was at first carried out at 
130° C.for 2 days; but argon and nitrogen sorption showed that for heulandite 
the interlaminar spaces are not available to permanent gases and that the 
sorptive capacity was about 1 c.c. at N.T.P. per 7’35g. 

More vigorous heating, for 2 days at 330° C., removed more water. The 
sorptive capacity after this treatment was unaltered. 

To summarize, the sorptive capacity of dehydrated zeolites for non-poiar 
gases depends upon the structure of the lattice. Three-dimensional networks 
are powerful adsorbents, sometimes taking up a quantity of permanent gas 
equivalent to the water of hydration. The fibrous and platy zeolites, on the 
other hand, do not after outgassing admit permanent gases into the lattice. 
Thus the sorptive properties could be used to determine whether an un¬ 
known zeolite was three-dimensional, or fibrous or platy, that is, to measure 
the stability of the crystal. 


The heats of sorption 

Prom the isotherms at various temperatures the Clapeyron-Clausius 
equation in the form 



(where AH is the heat of sorption including the heat of compression, 
JSTcal./mol.) the sorption heats of the permanent gases were calculated.* 
Fig. 3 and Table II give the results of these calculations for chabasite, 
analcite, and for scolecite and natrolite respectively. In general, the heats 
diminish as the amount sorbed increases,but in all cases the heat approaches 
asymptotically a final value, and the best curve through the experimental 
points is a smooth one. In chabasite the sorption heats assume the high 
initial values for nitrogen, argon and hydrogen of 8800 cal., 6000 oaL, and 
4000 cal./mol. respectively. This serves to show how a suitable environment 
can increase van der Waals interactions, and suggests that the heats of 
30,000—20,000 cal. (Part II) obtained with water and ammonia upon some 

* Since the apparent saturation value varies with temperature, one may not use 
the Clapeyron equation at too large a value of the amount sorbed. 
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zeolites are logically explained as ion-dipole interactions added to van der 
Waals interactions, both multiplied by the environment, rather than as 
specific chemical interactions. 

Tables were constructed for chabasite giving AH as a function of the 
amount Borbed and of temperature, which show that AH does not depend 



Fia. 3. Heats of sorption of N,, H„ He, Ar (without heats of compression). 
O Chabazite (3*98 g.). + Analcite (7-86 g.). 


Table II. Heats of sorption on natrolite and soolecitk 


Amount sorbed 
(e.c./NTT.P. per 
4*75 g. natrolite 
and per 6*25 g. 
soolecita) 

Heats (cal./mol. including heat of compression) 

Ar-natrolite 

Ar-sooJecite 

- 

Hj-scolecite 

0*010 


1900 

1200 

0*025 

— 

1840 

1090 

0*040 

4400 

1780 

1040 

0*100 

— 

— 

900 

0*150 

4200 

— 

780 

0*250 

4100 

— 

— 

0*400 

— 

— 

590 

0*600 

3800 . 

— 

560 

1-000 

3800 

— 

540 
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upon the temperature. Thus for hydrogen, with 1 c.o. sorbed on 1 g. of the 
original chabaaite one has: 

Temperature range ° K. 237-194 194-137*5 137*5-118*0 118*0-103*9 

A&( cal./mol.) 3970 3580 3830 3710 

With analoite similar tables showed that AH was not dependent upon 
temperature, for hydrogen, nitrogen and argon. The same result was found 
for these gases sorbed by Achesongraphite (Barrer 1937 ). van Itterbeek and 
van Dingenen ( 1937 ) in contrast considered their results to show a variation 
in AH with temperature. However, the variations appear to be random, 
rather than to show definite trends. 

The following points emerge from a consideration of sorption heats on 
these various sorbents (zeolites and graphite): 

( 1 ) The initial and final sorption heats are summarized in the following 
table. (Table III.) 

The most constant heats are those in the analcite lattice. Acheson graphite 
showed the most rapid diminution in heat with amount sorbed, and most 
rapid approach to the final value (Barrer 1937 ). 


Table III 


Adsorbent 

Gas - 

Cal./mol. 
initial heat 

Cal./mol. 
apparent limiting 
heat 

Chabasite 

N, 

8800 

4400 


A 

6000 

2900 


H, 

4000 

1700 

Analcite 

N, 

5600 

5000 


A 

3700 

3300 


H, 

1500 

1400 


He 

500 

— 

Graphite 

N, 

4600 

2500 


A 

4100 

2400 


H, 

2000 

1100 

Natrolite 

A 

4600 

3400 

Scolecite 

A 

2000 

— 


H, 

1250 

500 


( 2 ) The relative magnitudes of the heats for argon and nitrogen vary in 
a regular way: the heat of sublimation of argon (2030 cal./g, atom) is greater 
than that of nitrogen (1860 cal./g. mol.); the sorption heat on the graphite 
surface is a little less for argon than for nitrogen; and the heat of sorption 
inside a chabasite lattice is much greater for nitrogen than for argon. The 
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reasons for this are revealed on calculating the potential in a zeolite lattice 
(as is done in the next section). The diameters of nitrogen and argon are 
4*08 and 3*83 A. respectively; and the size of the hole needed to produce a 
large heat for nitrogen differs from that needed for argon. That is, the effects 
are due to molecular diameters rather than to polarizabilities, within 
chabasite. 

The shape of the curves in fig. 3 agrees with that of similar curves plotted 
from the data of Lamb and Ohl (1035). One observes their very great initial 
value of AH for C 2 H 4 of 15,000 cal./mol. 

Calculated potentials in the natrolite lattice 

Although natrolite, owing to reorganization of ions surrounding channels 
on dehydration, fails to absorb much gas, the detailed structure of its unit 
cell is known. Thus if permanent gases were supposed to replace water 
molecules in the lattice the potential of the permanent gases could be worked 
out employing an appropriate force law, and using Kirkwood’s approxi¬ 
mation to the dispersion forces. The absolute potentials for various degrees of 
shrinkage may be calculated and compared with heats commonly found in 
zeolites, and the sorption heats of different gases compared at various stages 
of collapse. 

In the calculations the force law 

was used. The value taken for r 0 , the equilibrium distance between a sorbed 
molecule and a lattice ion, was d x + d 2 ), where d x and d. z are the diameters of 
molecule and ion respectively. A was given by Kirkwood’s expression 

A = 0mc 2 Xi to + (2) 

Here c = the velocity of light, and m = the mass of the electron, a u Xi = the 
polarizability and magnetic susceptibility of the molecule, and a t , Xt = the 
polarizability and magnetic susceptibility of the ion. 

The total potential for all ions of a given kind in the lattice is then 

(3) 

while the total potential for all kinds of ion is 


VoL CLXVII. A. 


36 
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In making the calculations the co-ordinates of every lattice ion were 
referred to a sorbed molecule which had replaced a water molecule as origin. 
The values of a, x and ^ are collected in the following table (Table IV), and 
were obtained from papers by Pauling ( 1927 ) and Muller ( 1936 ). 


Table IV 


Atom or ion 

Diameter x 10 8 
(cm.) 

-ax 10 24 

— X x 10 80 

He 

2-54 

0*2050 

3*13 

Ne 

3*10 

0*3930 

11*80 

Ar 

3*83 

1*6230 

30*80 

ch 4 * 

4*18 

2*4900 

27*30 

0 — 

2*62 

3*9000 

20*80 

Na + 

1*96 

01800 

6*95 

AI +++ 

1*14 

0*0540 

4*12 

Si++++ 

0*78 

0*0331 

3*46 

Ca++ 

2*12 

0*4400 

21*95 

In Table V are given the constants a and r 0 determined from equation 

and Table IV. 

Table V 

0 x 10 “ 
cal./mol.-ion 

r 0 x 10 8 

Gaa 

Ion 

pair 

(cm.) 

He 

Na+ 

2*850 

2*25 


0 ~ 

22*250 

2*58 


Al +++ 

0*990 

1*94 


Si++++ 

0*717 

1*66 


He 

2*260 

2*54 

No 

Na + 

8*540 

2*53 


0 -- 

48*800 

2*86 


AI+++ 

3*220 

2 * 12 


Si++++ 

2*120 

1*94 


Ne 

16*330 

3*10 

Ar 

Na 4 

26*200 

2*90 


0 ■- 

185*500 

3*22 


A1+++ 

11*400 

2*49 


Si** +++ 

7*040 

2*30 


Ca 4 4 

9*180 

2*99 


Ar 

176*000 

3*83 

ch € 

N*+ 

27000 

3*02 


o~ 

237*000 

3*40 


A1+++ 

9-080 

2*66 



5*860 

2*48 


ch 4 

239*200 

4*18 
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In making calculations upon the potentials in natrolite lattices, ions 
whose centres fell within a radius of 6*9 A of the central water molecule were 
considered. Within this surface were contained fifty-eight ion centres. 
Contributions to the potential of ions falling outside this sphere amount to 
not more than a few per cent. It is not possible without detailed X-ray 
analysis to indicate the new positions of the ions after lattice change 



% contraction in water-bearing channel of a dehydrated natrolite 

Fig. 4 

following dehydration. As an approximation it was assumed that the c 
co-ordinates (parallel to the chains of Si-O-Al tetrahedra) did not alter 
appreciably but that up to 6*9 A from the centre of the original water 
molecule, the a and 6 co-ordinates altered by a fixed amount. The degree of 
collapse into the channels does not indicate that the cell constants will alter 
in the same ratios. There need be no simple connexion between the extent of 
channel collapse and of change in cell constants. Hey and Bannister’s 
measurements on meta natrolite, the dehydrated form of natrolite, indicated 
little change in the a and b co-ordinates. Heulandite, however, shows a 
profound change in one co-ordinate on dehydration. 

The results of calculation appear in fig. 4. They suggest that violent 
changes have occurred in the channels, since otherwise large positive heats 
would be found, whereas instead all the inert gaBes were excluded from these 

26*2 
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lattices. The magnitude of the calculated heats in uncollapsed channels is of 
the same order as those experimentally observed in chabasite and analcite, 
where the channels have not collapsed. 

Summary 

The sorption properties of argon, hydrogen, nitrogen and helium by five 
zeolites of known or approximately known crystal structure and chemical 
composition indicated well-defined sorption characteristics. Zeolites con¬ 
sisting of three-dimensional networks acted as powerful adsorbents (cha¬ 
basite and analoite), chabasite taking up as much permanent gas (argon and 
hydrogen) as water of crystallization. Nitrogen was sorbed to a little more 
than half this extent by chabasite; and all three gases to about 25 % of the 
theoretical (based on the water content) with analoite. The fibrous zeolites 
natrolite and scolecite gave only slight surface sorption, as did the platy 
zeolite heulandite. 

The sorption heats within chabasite and analcite, and on the surfaces of 
the other zeolites, diminished asymptotically from an initial high value to¬ 
wards a lower value. The initial sorption heats, and apparent limiting heats 
were compared with each other and with sorption heats on graphite. The 
initial sorption heat of 8800 cal./g. mol. for nitrogen in chabasite is the 
largest recorded van der Waals interaction energy for this molecule. 
Chabasite was energetically a stronger sorbent than analcite. 

The saturation values obtained by extrapolation of isothermals diminish 
linearly with increasing temperature. 

While X-ray diagrams show that the unit cell dimensions do not vary much 
on dehydration, a calculation of the potential of permanent gases within 
natrolite showed that if no reorganization of ions around the water-bearing 
channels occurred, these gases should be strongly sorbed. Decreases in 
effective diameter of these channels of 20 % or more were necessary before 
permanent gases would be excluded. 


PART II. SORPTION OF AMMONIA BY ZEOLITES 

The sorption of ammonia was measured for the five zeolites—chabasite, 
analcite, natrolite, scolecite, and heulandite. Sorption data exist for 
ammonia analcite and chabasite systems (Tiselius 1935 ; Rabinowitscb 
1932 ); while on chabasite Evans ( 1931 ) has made a study of the sorption 
heats. Little could be found concerning sorption equilibria for ammonia 
upon the fibrous and the platy zeolites. 



The sorption of polar and non-polar gases by zeolites 407 


The isothermals 

The sorptive properties of the fibrous and platy zeolites were dependent 
upon the thermal treatment given the crystals. The sorptive properties of 
ohabasite and analcite, however, were not impaired by relatively severe 
thermal treatments which were carried out respectively at temperatures of 
up to 500 and 350° C. 

Plotted in the usual way (x/m against p, where xjm denotes the amount 
sorbed per unit mass and p is the equilibrium pressure) the isothermals, as 
illustrated in figs. 5 a~d y show no peculiarities for chabasite or analcite; but 
there is evidence of an unusual behaviour in heulandite, while natrolite 
exhibits a threshold pressure and only above this pressure was the ammonia 
sorbed copiously. When, however, the'isothermals are plotted as curves 
log {xjp) against log x, their behaviour indicates a steady gradation. In the 
log (xjp) against log# curves, a section horizontal to the isothermal indicates 
that Henry’s law' is obeyed; a vertical section, that sorption saturation has 
been reached; and a section of slope 4* 1 denotes an invariant system. These 
log (xjp) against logx isothermals are given in figs. The chabasite 

isothermals show a normal steady trend towards saturation; and the analcite 
isothermals show in every case a point of inflexion, but no well-defined 
peculiarity. Thus the two zeolites in the form of three-dimensional net¬ 
works sorb ammonia copiously without ammoniate formation. The platy 
zeolite heulandite, when carefully outgassed at low temperatures, showed a 
much more pronounced step in the isothermal, but could not be said to have 
formed any ammoniate. Natrolite, however, gave the remarkable set of 
curves of fig. 5 d , indicating for a considerable ammonia uptake that the 
system natrolite-ammonia was nearly invariant, which means in terms of 
the phase rule that a new phase, an ammoniate, has appeared, the system 
becoming comparable to the system CaO 4 C0 2 ^CaC0 3 at constant tem¬ 
perature. The sorption kinetics provided further information to the same 
effect. Scolecite, on the other hand, failed to sorb ammonia save on its 
external surface. Thus the zeolites studied show a great diversity of 
behaviour. 

Since the zeolites often prove sensitive to thermal treatment a brief 
account of the conditions under which the isothermals of figs. 5 a~d were 
obtained may be given. The chabasite remained a good sorbent of ammonia 
after periods of ignition from 400 to 500° C., provided that the thermal 
treatment was not too prolonged. Analcite could be maintained for 12 hr. 
periods at 350° C. without marked diminution in its sorptive property. 
Natrolite underwent alterations on heating to 330° C. Scolecite changed so 
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1 0 20 30 


Lug x (a? = c.c. at N.T.P.) on 0*5 g. chabcurite 
Flo. 5 a, NH a on chabaflito (inwet NH 3 on ehabasite). 



Fig. 5 b. NH a on analcite. 
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-1 0 ~ 0 0 .. 10 2 0 3 0 

Log x (it; = c.e. NH a at N.T.P, sorbed in 7-35 g. heulandite) 


Fiu. 5 c. NH a on heulandite. 



Fig. 5d. NH, on natrolite (inset sc-log p isothermals). 
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completely at 330° C. that ammonia subsequently failed to enter the lattice. 
On heulandite outgassed at 130°C. ammonia sorption was copious and 
relatively rapid; after ignition at 330° C. sorption was extremely slow even 
at 126° C., so that equilibria could not be observed. 

The saturation maxima in sorption for NH 3 -chabasite and NH 8 ~analcite 
systems at 21° C. were respectively 170o,c. at N.T.P./g. and 45c.c. at N.T.P./ 
g. The apparent sorption maxima diminished with rising temperature. 
This phenomenon has been observed on charcoal (McBain and Britton 1930), 
graphite (Barrer 1937) and zeolites (Part I this paper; Rabinowitsch and 
Wood 1936) ; and seems to he of general occurrence in sorption (Langmuir 
and Sweetser 1918; Wilkins 1938). For this reason the Clapeyron equation 
has not been applied in regions of sorption approaching saturation. The 
sorption maxima at 21 0 C. for ammonia fall short of the theoretical values of 
204 c.c. at N.T.P./g. and of 100 c.c. at N.T.P,/g. for chabasite and analcite 
respectively. Similar data for heulandite and natrolite are given in Table I. 
For the latter substance a long extrapolation is necessary. Since for natrolite 
an ammoniate is formed the saturation value for ammonia sorption should 
not depend upon temperature. 

Table I. Apparent saturation values of ammonia 
in zeolites 

Apparent saturation and 
calculated theoretical maximum 


Zeolite 

Gas 

Temp. ° K. 

(c.c. at N.T.P./g.) 

Chabasite 

nh 3 

— 

264*0 (theoretical) 



2940 

-170-0 



490-5 

-126*0 



552-8 

-100*0 



037*5 

- 80*0 

Analcite 

NH, 

294*0 

160*0 (theoretical) 

- 45*0 



457*4 

- 30*0 



514*0 

- 32*0 



623*0 

- 28*5 

Natrolite 

nh 3 

— 

118*0 (theoretical) 



294*0 

-110*0 

Heulandite 

nh 3 

— 

—185*0 (theoretical) 



294*0 

— 05*0 (some strongly held 




water still present) 


The figures in Table I may be compared with the data in Parti (p.398) for 
the saturation values of the permanent gases in chabasite at 89°K., where 
argon and hydrogen gave theoretical sorption, and nitrogen some 70 % of 
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the theoretical. Analcite with these gases stillfalls, at 89 ° K., far short of the 
theoretical maximum. These effects may have their origin in overheating 
during the original outgassing, with resultant impaired sorptive capacity. 
In decreasing order of stability and increasing order of internal rearrange¬ 
ment, as judged by the sorptive properties towards ammonia and permanent 
gases, the zeolites used may be arranged in the order: 

Chabasite, 

Analcite, 

Natrolite, 

Heulandite, 

Scolecite. 



Fig. 6. Isotherms I—V: NH S adsorbed on natrolite (4-75 g.). 
Isotherms VI and VII: NH 8 adsorbed on scolecite (7*85 g.). 


A further point of interest from Table I is that the apparent saturation value 
for ammonia does not diminish exponentially with temperature, as recently 
reported by Wilkins (1938) for the permanent gases on platinum foil. The 
present result agrees with McBain and Britton’s (1930) findings for perma¬ 
nent gases on charcoal and Rabinowitsch and Wood’s (1936) finding for 
permanent gases on chabasite. From the data of Table I, and of Table I 
of Part I, the influence of temperature upon apparent saturation values 
appears nearly linear. 


Surface sorption of ammonia on natrolite and scolecite 

On these two lattices it was possible to study separately the sorption of 
ammonia upon the external surface of the adsorbents; for natrolite because 
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of the threshold pressures for ammoniate formation, and for scolecite because 
lattice penetration did not occur at all. In each case the amounts of ammonia 
thus taken up were comparable with the amounts of argon sorbed (Part I), 
Fig. 6 gives these isothermals for natrolite and scolecite. 


Heats of sorption of ammonia by zeolites 
Heats of sorption were calculated both for the surface sorption of am¬ 
monia by natrolite and for the absorption of ammonia inside the lattices of 
natrolite, chabasite and anal cite. These sorption heats for natrolite-ammonia 
are given in the Tables IT-IV. The sorption heats fall off very rapidly for 
surface sorption of ammonia, and much less rapidly for lattice penetration. 
Heats for adsorption depend upon the temperature; for am in on i ate forma¬ 
tion within the lattice they depend only slightly on the temperature. The 
data for NH 3 -scolecite were not numerous enough to obtain heats for surface 
sorption accurately, but the heats are similar in magnitude to those on 
natrolite. 

The sorption heats for chabasite-ammonia are given in Table III. As the 
extraordinary affinity of ammonia for the dehydrated lattice indicated, these 
heats are very large indeed. Since however there may be powerful ion-dipole 
interactions with ammonia inside the lattice, and since the van der Waals 


Table II. Sorption heats of ammonia by natrolite 


Surface sorption 
(o.c. NH 3 at N.T.P./g. of 


AH (cal./mol. NH 3 ) between temperature 
ranges 


hydrous natrolite) 

294—381° K. 

381-422° K. 

422-513° K. 

0*084 

— 

— . 

J2400 

0126 

— 

— 

11600 

0-210 

— 

16000 

11400 

0-333 

— 

13700 

10700 

0-527 

15050 

13000 

10600 

0-840 

13000 

11550 

9200 

1-260 

10150 

— 

8000 

1-680 

8040 

— 

_ 




All (oal./mol. NH 3 ) between temperature 

Lattice absorption 

Mol. NH 3 


ranges 


(c.c. NH 3 at N.T.P./g. of 

per unit 



j . * 

original hydrous natrolite) 

cell 

294-331° K. 

331-346° K. 

346-381° K. 

21*0 

2-86 

11830 

11760 

11620 

25-3 

3-45 

11500 

10950 

11000 

29*5 

4-10 

11500 

11300 

10400 

33-7 

4-60 

11450 

11300 

_ 

37*9 

5-16 

11150 

— 


42 1 

5*74 

10500 

_ 
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Table III. Sorption heats of ammonia in chabasite 


AH (ktcal./mol.) between 

z' " ' ' ". '* .. 


e.c. at N.T.P. of 
ammonia/g. of 
chabasite 

3*2 

5*0 

8*0 

12*6 

20*0 

25*0 

32*0 

40*0 

50*0 


626*4-539*5° K, 

28*6 
27 *2 
25*7 
24*3 
231 
22*7 


539*5—476*5° K. 


30* 1 
29*4 
28*9 
27*2 
25*5 
23*5 
21*8 
21*0 


Table IV. Heats of sorption of ammonia in analcite 


c.o. at N.T.P. of 


AH (k.cal./niol.) between 


Series A 


Series B 


nalcito 

611*4-542*5° K. 

664-5-500-5° K 

1*8 

23*5 

__ 

2*3 

23*1 

— 

3*6 

22*8 

— 

5*7 

19*5 

20*7 

9*0 

15-3 

18*8 

11*3 

14*3 

17*7 

14*5 

13*9 

16*8 

16-3 

13*8 

16*3 


442*5 -500*5° K. 


5*7 

20*8 

— 

9*0 

20*8 

— 

11*3 

20*0 

— 

14*5 

14*0 

— 

16*3 

18*4 

— 


610*4-631*5° K. 

531*5-438 1° K. 

1*4 

22*7 

-— 

2*3 

22*1 

22*5 

3*6 

20*9 

21*5 

6*7 

19*9 

21*1 

9*0 

19*1 

20*9 

11*3 

18*2 

20*5 

14*6 

15*5 

19 3 

16*3 

14*2 

17*3 
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sorption heats can themselves rise to the remarkably high values of 8800 for 
nitrogen (Part I) and 15,000 for ethylene (Lamb and Ohl 1935 ), within the 
chabasite lattice, one has little difficulty in understanding their magnitude, 
without recourse to a quantum mechanical type of chemical bonding. 
Reference to figs. 5 a and b shows that sorption follows a Langmuir type of 
isotherm, without a new phase appearing. The heats of sorption not only 
appear to increase appreciably as the temperature diminishes—a character¬ 
istic of dipole interactions—but also decrease steadily as the amount of 
ammonia sorbed increases. 

The corresponding sorption heats obtained for the analcite-ammonia 
system from three separate series of measurements, A, B, and C are sum¬ 
marized in Table IV. These sorption heats are also large, but like the 
sorption heats of the permanent gases (Part I) inside the analcite lattice, * 
they are smaller than are the sorption heats inside the chabasite lattice. 
Both heats are, however, much greater than the heat of ammoniate formation 
for natrolite-ammonia. 

The sorption heats of ammonia-analcite also tend to increase with 
decreasing temperature (cf. NH 3 -chabasite); but the temperature coefficient 
increases with the amount of ammonia sorbed. If the ammonia initially 
sorbed is very vigorously held in non-rotating states, and if rotation increases 
as the sorption approaches saturation, one might explain the behaviour by 
saying that the temperature-sensitive region is a transition region of states 
of sorbed ammonia not rotating at low temperatures, but rotating at high 
temperatures. The onset of rotation, in ion-dipole interaction, means a 
diminished energy of interaction. 

The sorption kinetics 

The sorption of ammonia by chabasite and analcite required for the 
lowest pressures about two hours per point, and was more rapid as the charge 
of ammonia increased. The sorption by heulandite required several days; 
but after degassing at high temperatures equilibrium was not established 
after several weeks. Natrolite also required a very long time (several weeks) 
for equilibrium to be established, while as described earlier scolecite ex¬ 
cluded ammonia altogether. The distances of closest approach of pairs of 
molecules in the crystal lattices of the various gases used are: 

NH* 3*60 A 

He 2-50 

H 2 3*85 

Ar 3*83 

N 2 4*08 
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In chabasite and analcite ammonia sorption though very rapid did not 
reach equilibrium so rapidly as did the sorption of permanent gases, 
indicating that molecular size does not control the diffusion rates into the 
crystal skeleton. The sorption velocities may be considered to be in the 
inverse order of the heats of sorption, i.e. the speed of heat dissipation 
governs the rate of approach to equilibrium. Also the polar gas ammonia 
would encounter intense periodic ion-dipole interactions which would tend 
to anchor it at special points and impede its diffusion rate. 



Fia. 7. Sorption velocities. NH a on natrolite, showing tendency to autocatalyfcic 
sorption rate curves. (NH S sorbed before commencing expt = 12*11 c.c. at N.T.P.) 
(Inset shows NH a on heulandite, sorption rate following the parabolic diffusion law.) 

Many sorption rate curves were obtained for ammonia-heulandite. Some 
of these curves in their initial stages obeyed the «Jt diffusion law: 

(c.c. sorbed at N.T.P ,) 2 — K x time. 

This law, however, very quickly failed. Fig. 7 gives the curve of Ap (pro¬ 
portional to the amount sorbed) against ^jt 9 both for the early stage of 
diffusion and for longer periods, and illustrates the behaviour described. The 
curves are for heulandite degassed at 33()° C., whose sorption rate for 
ammonia was powerfully depressed (loc. cit.) by this rigorous treatment. 
Because of the great anisotropy of the original heulandite, and its sub¬ 
sequent diffusion anisotropy (Tiselius 1934 ), no detailed analysis of the curves 
was made. 
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The sorption process in natrolite did not commence until a threshold 
pressure, increasing with increasing temperature, was reached, and there¬ 
after there was the tendency, recorded in fig. 0 to an autocatalytic type of 
curve. Around this threshold pressure, furthermore, each successive charge 
of ammonia was sorbed more rapidly than the preceding one. When the 
quantity of ammonia sorbed was nearing its saturation value, the auto¬ 
catalytic nature of the sorption was no longer apparent. It is clear that this 
system resembles in its early stages the hydration and dehydration of 
crystals and crystal hydrates (Topley 1932 ), or the decomposition of 
substances like lead azide (e.g. Garner and Mark© 1936 ). It is an interface 
process, initiated at certain centres and propagated by the spreading of the 
centres. The facts are explained by assuming initial ammoniate formation to 
commence at the ends of the needles of the dehydrated natrolite, being 
autocatalytic until the end of the needle is covered, after which the phase 
boundary diffuses uniformly down the length of the needle. Thus, because 
of the geometry of the needle-like crystal the autocatalytic nature of 
sorption became submerged in a general linear diffusion of interfaces down 
the length of a crystal. One must distinguish between the sorption of a gas 
in a zeolite by diffusion down a concentration gradient in the lattice, and 
sorption by the diffusion of the interface ammoniate-dehydrated zeolite. 

A comparison with earlier data 

One may compare some of the systems studied here with the same systems 
studied by other workers. Chabasite-ammonia was examined by Evans 
( 1931 ) who gave a calorimetric value of AH, the sorption heat, of 17 k.cal. 
at a 25 c.c./g. ammonia content, a value lower than the value found here; and 
not at all in keeping with the remarkably vigorous sorption observed. It is 
indeed but little greater than Lamb and Ohl’s initial AH of -15 k.cal. for 
ethylene. It may, however, be that at sufficiently high ammonia content a 
value of this order would be approached by the present data, since (Tables II, 
III and IV) AH falls off steadily with charge. The thoroughness with which 
the dehydration process is carried out and the chemical composition of the 
zeolite also have a marked effect upon AH (cf. Lamb and Ohl 1935 ; Lamb 
and Woodhouse 1936 ). 

The sorption heats obtained by Tiselius ( 1935 ) for analcite-ammonia are 
in satisfactory agreement with the values for the larger ammonia content 
which have been observed in this paper. The high initial heats, however, 
were not observed by Tiselius, whose sorption isotherms at similar tempera¬ 
tures (302-385° C.) are not so rectangular as those which we have obtained. 
Tiselius outgassed his zeolite for several hours at 550-000° C. This severe 
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treatment may have caused considerable reorganization in the lattice, 
according to the properties reoorded here, so that the two dehydrated 
analcite-amraonia systems may not be entirely comparable. The rates of 
establishment of equilibrium were also different, Tiselius finding that below 
275 ° C. sorption equilibrium could not be approached, and that an apparent 
activation energy of ll* 5 k.cal. was required. In this connexion may be 
recalled the great slowness of sorption of ammonia by heulandite (p. 410 ), 
after too drastic a heat treatment as compared with its relatively rapid 
sorption after evacuation at only 130 ° C. For the analcite samples studied 
here sorption equilibrium was rapid and certain for analcite as for chabasite, 
and for ammonia as for permanent gases. 

One may summarize the position as follows: 

(1) The heat-charge curves had initial high values approaching asympto¬ 
tically a lower value. These findings agree with Lamb and Ohl’s (1935) data 
for various zeolites, both for polar and non-polar gases, and for the data in 
Part I on permanent gases. Other workers (Evans 1931; Tiselius, 1935) did 
not observe the initial high value. This may be due to incomplete outgassing 
or to differences in chemical composition. 

(2) Very great differences exist between the present data on sorption 
velocities of ammonia in analcite, and the data of Tiselius. It is suggested 
that the difference has its origin in the different thermal treatments accorded 
the analcite, by analogy with similar effects found in this work for heulandite- 
ammonia. 


Discussion 

No reason has yet been adduced as to why one zeolite system yields an 
ammoniate while a second system yields a simple sorption isotherm, Tliis 
is a problem general throughout chemistry, which is here brought home by 
the fact that in a single family of substances, the zeolites, one has the limiting 
cases of ammoniate and simple sorption (and also various intermediate 
states, e.g. ammonia-heulandite), It is clear that there can be a range of 
systems exhibiting peculiar properties as sorption systems, but not com¬ 
prising definite phases in the Phase Rule sense. In the following table the 
data of Milligan and Weiser (1937) on zeolite-water systems, and of the 
author on zeolite-ammonia systems, are compared and correlated with the 
stability data obtained from X-ray diagrams (Milligan and Weiser 1937) 
and from ammonia sorption subsequent upon thermal treatment. It should 
be noted that it is not sufficient to measure the unit cell dimensions by 
X-rays—these may not change appreciably as was the case for dehydration 
pf scoleoite (Part I, p. 399 )—but yet the contents of the unit cell may undergo 
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reorganization around the original water-bearing channels upon whose 
stability the sorbent properties depend. 

Reference to Table V will show that hydrates or aramoniates, or states 
intermediate between sorption and hydrate or ammoniate always appear 
whenever dehydration of the original zeolite causes a reorganization of the 


Table V. Zeolite hydrates, ammoniates and sorption systems 

AND ZEOLITE STABILITY TO THERMAL TREATMENT 


Zeolite 

Water Ammonia 

Three-dimensional networks 

Stability to thermal treatment 

Chabasite 

Sorption 

Sorption 

High, up to 500° C. 

Analoite 

Sorption 

Sorption 

Fibrous zeolites 

High, up to 350° C. 

Natrolifco 

Hydrates 

Ammoniate 

Slight change in X-ray diagram 
by 160-180° C. Marked changes 
by 330° C. 

Soolecite 

Hydrates 

No uptake after 
outgassing at 
330° C. 

Profound changes by 330° C. 
Lattice breakdown by 400° C. 

Mesolite 

Intermediate 


Changes slight up to 230° C. 
Lattice breakdown by 400° C. 

Thomson) te 

Sorption 

Platy zeolites 

Changes slight only 

Heulandite 

Intermediate 

Intermediate 

Slight changes by 130° C. Pro¬ 
found changes by 330° C. 

Stilbite 

Non-reversible water uptake — 

Marked changes by 120° C. Lat¬ 


(paths on desorption 

and 

tice breakdown by 400° C. 


sorption isobars different) 

unit cell content. Thus lattice changes and hydrate formation tend to be 
coupled. It is then suggested that in general, when sorption of a gas occurs 
within a solid a new phase appears when reorganization of the lattioe is 
necessary to accommodate the gas. The occurrence of a third phase demands 
an interface reaction; the third phase is a result of lattice rearrangement 
necessary for gas uptake. The formation or otherwise of a new phase has no 
connexion with the magnitude of the heat of uptake. The greatest heats 
occur for the simple sorption systems chabasite-ammonia, and analcite- 
ammonia. Nor is it due to operation of quantum mechanical forces. The 
forces encountered in chabasite-ammonia are undoubtedly those encoun¬ 
tered in natrolite-ammoniate, i.e. van der Waals and ion-dipole interactions. 
On the basis of forces involved chabasite-ammonia has as much right to be 
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oalled a chemical compound as natrohte-amraornate. On the basis of the 
phase rule only the natrolite-ammoniate should be thus classified. On the 
other hand, the intermediate cases, e.g. heulandite-ammonia, cannot be 
classified by the phase rule. 


Summary 

The sorption equilibria of ammonia on five zeolites have been studied. 
The zeolites give sometimes ammoniates and sometimes simple sorption 
systems, as well as intermediate systems. When dehydration causes changes 
in the lattice, ammoniates tend to form; more rigid anionic frameworks of 
Si-O-Al give sorption systems (chabasite, analcite). The magnitude of the 
sorption heat bears no relation to the formation of ammoniates. 

The sorption kinetics of ammonia by zeolites reveal two types of gas 
uptake : by diffusion of ammonia down concentration gradients within the 
solid; and by diffusion of the phase-boundaries in an ammoniate-dehydrated 
zeolite. Sorption was rapid for chabasite and analcite (with rigid frame¬ 
works) and slow for fibrous and platy zeolites. The thermal treatment in 
dehydrating the zeolite had a marked influence on the sorption rates in 
heulandite. 

The heats of sorption of ammonia in analcite and chabasite, and on the 
external surface of natrolite, diminished as the charge of gas increased. The 
initial values were 30, 23*5, and 12*4k.cal. respectively; but the sorption 
heats decreased somewhat as the temperature was raised. The heat of 
ammoniate formation in natrolite was ll*7k.caL, independent of the 
amount of ammonia taken up, within limits, and only slightly dependent 
upon the temperature. 

The amounts of ammonia sorbed at saturation approached the theoretical 
maximum for chabasite and natrolite but were only one-third of this maxi¬ 
mum for analcite and heulandite. The saturation maxima decreased linearly 
with increasing temperature. 

It is a pleasure to thank Professor E. K. Rideal, F.R.S. for his interest, and 
for discussions, and also the governing body of Clare College, Cambridge, for 
a research fellowship which has made this work possible. 
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An X-ray investigation of slowly cooled 
copper-nickel-aluminium alloys 
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In a recent letter to Nature (Bradley, Goldschmidt, Lipson and Taylor 
1937 ) it was shown that even a complicated ternary equilibrium diagram 
might be rapidly and efficiently investigated by means of X-rays. A 
diagram for the copper-nickel-aluminium system worked out by the authors 
of the present paper was given as an example. Since then we have com¬ 
pleted the investigation, solving some problems which had been left in 
abeyance. The whole of the ternary system has now been completely 
explored for slowly cooled alloys. 

The copper-nickel-aluminium system has previously been investigated 
by a number of workers. Austin and Murphy ( 1923 ) determined the 
liquidus and part of the solidus, exploring the whole system at high tem¬ 
peratures, but without locating the phase fields. Bingham and H&ughton 
(1923) made a more concentrated attack on the aluminium corner of the 
diagram. In a careful thermal investigation they found many complicated 
transformations, Gridnew and Kurdjumow (1936) have investigated the 
effect of adding nickel to the copper-rich copper-aluminium alloys. Re¬ 
cently Alexander and Hanson (1937) measured the hardness and electrical 
conductivity of alloys lying on the boundary of the face-centred cubic 
phase in the neighbourhood of pure copper. From these results they 
determined the change of solid solubility with temperature. 

The copper-nickel-aluminium alloys include only one phase which is not 
found in the binary systems Cu-Ni, Cu-Al and Ni-Al. This is the r phase, 
first discovered by Bingham and Haughton (1923). It is one of a group of 
phases which are related to a body-centred cubic lattice. Such deformed 
body-centred cubic lattices are found in both the copper-aluminium system 
(Preston 1931 ; Bradley, Goldschmidt and Lipson 1938 ) and in the nickel- 
aluminium system (Bradley and Taylor 1937 a, b). Altogether there are 
eight such structures in this ternary system. 

In addition there are three face-centred cubic phases, one with a super¬ 
lattice (NigAl), the others without; two special types of structure (OuALj and 

t m ] 


37-a 
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NiAlg) are less closely related to the rest of the system. We have investigated 
the phase boundaries of eaoh of these phases, and fixed the positions of the 
two- and three-phase areas. 


Experimental 

Alloys were made from pure electrolytic copper, Hilger nickel No. 7636 
(99*97%), and aluminium from the British Aluminium Company and 
Aluminium Franyaise (99*992 %). All the alloys were practically pure, and 
the compositions were in some cases checked by chemical analysis. This 
was only important in the /? phase, where the melting-point is very high 
and the heat of reaction is so great that the metal tends to spit. Here 
differences up to 1*3% were observed between the weighed and analysed 
compositions. Elsewhere, it was unnecessary to make any accurate deter¬ 
minations of composition, since we were only working to about 0*5-1 % in 
fixing the phase boundaries. 

The melts were made in a high-frequency induction furnace, under a 
small pressure of hydrogen which was subsequently pumped off. The alloys 
were lump annealed for 3 days and powder annealed at the temperatures 
given in the respective tables. In powder annealing the alloys were allowed 
to cool from the given temperature to room temperature at the rate of 
10 ° C. per hour. 

Powder photographs were taken in a camera of 9 cm. diameter except 
where some special difficulty necessitated the use of a 19 cm. camera. 
Copper Ka radiation was used throughout the first series of photographs. 
Some special cases required additional photographs with cobalt or nickel 
radiations. 


General account or ternary diagram 

Fig. 1 shows the whole of the ternary system, an enlargement of the 
more complicated region between y and r being given in fig. 2. There are 
eleven single-phase areas, twenty two-phase areas and ten three-phase areas. 
The y area is further subdivided into three regions (y, y, and y a ) which have 
different euperlattices. 

The construction of these diagrams entailed fixing the boundaries of the 
single-phase areas, and finding the points of oontact of the three-phase 
triangles. The alloys used for this purpose are indicated on the diagrams by 
circles. As far as possible compositions were chosen to be just outside the 
single-phase fields. 
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The method used consisted chiefly in the recognition of small amounts of 
the second or third constituent. The proportions of these constituents were 
estimated from the intensities of the lines on the powder photograph. Very 
consistent results were obtained. There was some tendenpy to give excessive 
amounts of the soft a phase (due to the greater readiness with which filings 
are removed), but this had no serious influence on the results. 


Cu 



Atomic %Al 
Fid. 1 

Sufficient acouraoy could be obtained to fix the approximate position of 
each alloy with respect to the nearest phase boundary. The method is 
particularly suitable for fixing the corners of the three-phase triangles, 
whioh give the key to the whole diagram. Where an alloy fell in a two- 
phase region it was necessary to find the directions of the tie-lines, from 
measurements of lattice spacings. 

In the diagrams the directions of the tie-lines are shown as short lines 
emerging from each single-phase field. A particularly interesting point is 

27*3 
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the change in direction of the tie-lines in the oc -f <x x region. Starting parallel 
to the binary nickel-aluminium edge they rapidly swing round to a 
direction almost at right angles. This then remains the general direction of 
the tie-lines throughout the greater part of the system. 



Fig. 2 

The single-phase areas 

The single-phase fields listed in Table I have been named in sequence 
starting from the aluminium-poor end and proceeding to the aluminium- 
rich end, using symbols which could later be employed in the quaternary 
Fe-Cu-Ni-Al system, on which we are working. The nomenclature is 
further chosen to fit in with the general usage in the Ou-Al system 
(Stockdale 1922 ; Hisatsune 1934 ; Hansen 1936 ), except in the y region, 
where a special type of nomenclature is required to cope with the ex¬ 
ceptional circumstances. 
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Table I. List of single-phase fields in the Cu-Ni-Al 

SYSTEM AFTER SLOW COOLING 

Ideal formula Structure 

(a) Phases occurring in the binary copper-aluminium system 


a 

Ou-Cu 4 A1 

Face-centred cubic 

7 

Ou 9 A1 4 

Complex cubic 

7i 

Cu 38 A1 19 

Deformed y 

72 

OllyAl, 

Deformed y 

& 

Cu 4 A1 8 

•Monoclinic (derived from 8 type) 

V2 

CuAI 

•Orthorhombic (derived from 8 type) 

0 

CuA1 2 

Tetragonal 

K 

Al 

Face-centred cubic 


( 6 ) Phases based on 

the binary nickel-aluminium system 

a 

Ni-Cu 

Fane-centred cubic 

a i 

Ni 3 Al-Ni a CuAl 

Face-centred cubic superlattice 

A 

NiAl 

Body-centred cubic superlattice 

8 

NijAla-NiOuAL, 

Trigonal 

e 

NiAl a 

Orthorhombic 

K 

Al 

Face-centred cubic 


(e) Phase not found in the binary systems 
r Cu 3 NiAl e Deformed body-centred cube 

* These are probably distinct from the high temperature forms fi and ?/ 1 investi¬ 
gated by Preston ( 1931 ). 

The a and a i phases are face-centred cubic, but whereas in the former 
phase the atoms are probably distributed at random, in the latter they 
form a superlattice. This is of the type A 8 A1, X being nickel with one part 
in three replaceable by copper. The phase limits are therefore Ni a Al and 
approximately CuNi 2 AL The aluminium composition is less variable. 

The /4 phase is body-centred cubic with a clear distinction between cube 
centres and cube corners. As far as possible nickel atoms occupy one 
position and aluminium the other. Copper may to some extent replace 
nickel. The ideal formula is NiAl. With less aluminium, nickel or copper 
atoms replace this element, but beyond 50 atomic % aluminium, there is 
no replacement of nickel by aluminium. The atomic proportions are then 
adjusted by leaving empty places in the lattice in lieu of the missing 
nickel atoms. 

In addition to (i % , y, y v y v £, y and r are all derived from a body-centred 
cubic lattice. Certain atomic sites are left vacant, the remaining atoms 
being subject to displacements in accordance with symmetry laws. The 
structure of e alloys (NiAl a ) is also related to this type. A detailed aeoount 
of the structure relationships will be given elsewhere. 
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The two - and three-phase areas 

Table II gives a list of the two- and three-phase areas surrounding each 
single-phase area in the order in which they appear in the diagram. At 
least one representative alloy has been examined in each of the two- and 


Tabus II. Classified list of two- and three-phase 

FIELDS IN ORDER OF APPEARANCE 

The numbers indicate the tables giving details of alloys belonging to a given phase 
field. For example, data concerning alloys belonging to the cl + ol x phase field are given 
in Table IV. 


4 

a + aj 

4 

otj + a 

5 

Pi + a i 

6 


6 

0L X 4“ Cc + 

6 

+ott + oc 

5 


5 

«i+A 

5 

&+« 

7 

a *b/44-y 



7 

A+*+r 

7 

a-f y 



7 

Pt+y 






Pi+y 1 

7 

y + a 



8 

Pi+yi+s 

7 

y + a + /? fi 


f-tru+T 

8 

A+* 

7 J 


9 

£+T 



7 1 

iri+A 

9 

C+T4- v 


0+7 

8 

n+A+* 


£+v 


0 +y + r 

8 J 




9 

0 + T 

*1 

l7a+<* 


v+£ 

10 

0 + T + K 

9 

y*4-£ + r 

9 



0 + K 

9 

y 4 + r 

9 

7f + T 




7a + T + S 


97 + r*f 0 

10 

r+K 


7a + C 


?/4*0 

10 

T + K + S 





9 

T + i 


A4-0 

8 

£ 4 * e 

9 

r + a + y, 

10 

A + 0+T 

10 

£4-e +A 

9 

r + y, 

10 

A4*r 

10 

£+a 


’•+y»+C 

10 

A4-T4-£ 

10 

£ 4* A 4* t 

9 

r+C 

10 

a+£ 

9 

£4-t 

9 

T+C+? 

30 

A4-£4-e 

9 

£4-r4-y a 

9 

r + y 


A + e 

8 

^ + 7* 


r+y + 6 



8 

£4-7! 

9 

r+0 


e 4* A 

8 

£ 4- 7j 4* A 

10 

T + 0 + K 

10 

6 4* A + £ 

8 

^4 “fit 


(r + K) 

8 

€4*£ 





three-phase 

fields except for y 2 4-£-l~ r and r\ 4*0-hr. 

The binary alloys are 


not included in the present paper as they have been discussed elsewhere. 
Data referring to the y 8 + £ and £+?/ phase fields are given in a recent 
aooount of the intermediate phases of the copper-aluminium system 
(Bradley, Goldsohinidt and Lipson 1938 ). 
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The ct-pJuxse ( face-centred cubic) boundaries 

This phase field includes the whole of the copper-nickel system, which 
forms a continuous series of solid solutions, together with the a phases of 
the copper-aluminium and nickel-aluminium systems. The structures are 
all face-centred cubic, without superlattices. The limits of solid solubility, 
as shown in fig. 1 , divided the phase field into two branches; on© part 
extends from pure copper to pure nickel, gradually widening as the nickel 
content increases: the other part extends along the copper-aluminium 
binary edge of the diagram. The first may be considered as a solid solution 
of aluminium in copper-nickel alloys, the second as a solid solution of 
nickel in copper-aluminium alloys. 

Table III. Single-phase alloys—face-centred and 

BODY-CENTRED CUBIC 

Atomic composition Heat treatment'*' 


Cu 

m 

A1 

Phase 

field 

Lattice 

spacings 

Radiation 

Lump 

Powder 

95*0 

2*5 

2*5 

a 

3*6093 

On 

mr 

830° 

45*0 

50*0 

5*0 

a 

3*5638 

Cu 

900 

700 

20-0 

75*0 

5*0 

a 

3*5427 

Ou 

900 

700 

15*0 

75*0 

10*0 

a 

3*5442 

Cu 

900 

700 

100 

85*0 

5*0 

a 

3*5358 

Cu 

950 

880 

100 

65*0 

25*0 


3*5699 

Cu 

900 

740 

10*0 

50*0 

40*0 

fit 

2*8671 

Cu, Co 

900 

800 

10*0 

40*0 

500 

A 

2*8943 

Cu 

900 

830 

15*0 

35*0 

50*0 


2*9102 

Cu 

900 

830 

12*5 

40*0 

47*5 

fit 

2*8908 

Cu 

950 

920 

8*0 

43*0 

49*0 

A, 

2*8878 

Cu 

900 

740 

5*0 

50*0 

45*0 

A 

2*8737 

Cu, Co 

900 

850 

5*0 

45*0 

50*0 

fit 

2*8882 

Cu, Co 

800 

700 

5*0 

41*5 

53*5 

fit 

2*8781 

Cu, Co 

950 

880 

3*0 

55*0 

42*0 

fit 

2*8661 

Cu, Co 

900 

830 

20*0 

30*0 

50*0 

fit 

2*9058 

Cu 

950 

880 


* For details see text. 


The limits of solid solubility were fixed by comparing powder photo¬ 
graphs of single-phase alloys with those of two-phase alloys, measuring up 
the lattice spacings and estimating the amounts of the second phase 
wherever present. In Table III are given the lattice spacings of the single- 
phase alloys. These are lowest near pure nickel, rising with the addition of 
either copper or aluminium. The maximum values of the lattice spacings 
are found near the copper-aluminium edge of the diagram. 

Tables IV, V, VI and VII give a list of the two-phase and three-phase 
fields containing a. The most important of these is a+ 04 , where two face- 
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centred cubic lattices are in equilibrium. Table IV gives a list of alloys in 
this phase field, from which the approximate positions of the phase 
boundaries were obtained. In many oases, e.g. 65, 25, 10,* the duplex 
character of the alloy is obvious from the first glance at the X-ray photo¬ 
graph. The high order reflections each give two separate a doublets, one 
corresponding to a, the other to aq. In these cases, accurate measurement 
of the lattice spacing of each phase is possible, and by comparing the 
relative intensities of the corresponding lines estimates can be made of the 
amounts of the two phases. By this means a first approximation can be 
made to the positions of the phase boundaries. 

The accurate position of the a boundary is more difficult to fix than might 
be thought from a preliminary glance at the powder photographs. The 
trouble arises from the similarity in the spacings of a and aq. In the nickel- 
rich a-fa, alloys, cq has the higher spacing; in the copper-rich alloys the a 
spacing is greater. Evidently an intermediate series of alloys exists, for 
which the a and a a constituents have exactly the same lattice spacings 
(3*566 A). It is difficult to distinguish whether alloys in this neighbourhood 
oonsist of one or two phases. For example, in 60, 35, 5 the lattice spacing of 
the oq constituent is so near to that of the a constituent that it is impossible 
to give a separate measurement. 

In such eases, the presence of small quantities of the oq phase is recog¬ 
nized by the superlattice lines, a has no superlattice, but oq has a super¬ 
lattice of the N^Al type. The extra lines of the structure can be seen faintly 
even when there is only a little oq present, especially if a camera with a large 
diameter is used. The alloys near the a boundary were all examined in a 
camera of 19 cm. diameter, in order to show up the presence of the super¬ 
lattice lines. Cobalt radiation was used for this purpose as it increases 
the intensities of these lines. 

The phase boundary shown in fig. 1 between a and <% + oq was entirely 
constructed from the estimates of the intensities of the superlattice lines in 
duplex alloys. It is interesting to notice that a different result would have 
been obtained if we had used the intensities of the a doublets. For example, 
the alloys 90, 7*5, 2*5 and 80, 17*5, 2*5 give no sign of the 331 and 420 
reflexions for the oq phase, although there should be quite an appreciable 
difference between the spacings of the two phases in these alloys. 85, 10, 5 
which gives fairly strong superlattice lines suggesting that the alloy is far 
removed from the phase boundary, shows only faint reflexions from the 
main lattice planes of the oq phase. 

* The numbers represent atomio percentages of copper, niokel and aluminium in 
that order. 
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Table IV. Alloys with two face-centred cubic structures 


Atomic composition 

Approximate 


Remarks 

Heat treatment 




proportion 

Lattice 

(see 



^ -i -im 


m A 


- '. 1 . 

Cu 

Ni 

A1 

of phases 

spacings 

footnotes) Lump 

Powder 

90-0 

7*5 

2*5 

a 

15 

3-6015 

LS 

900 

800 





1 





85*0 

10*0 

5*0 

a 

8 

3*6054 

LS 

900 

750 





1 


FF 



80*0 

17*5 

250 

a 

12 

3*5909 

LS 

1000 

950 





1 





70*0 

25*0 

5-0 

a 

8 

3*5839 

LS 

850 

750 




a i 

1 





65*0 

25*0 

10*0 

a 

2 

3-6004 

FF 

900 

700 




a i 

1 

3*5804 




60*0 

350 

5*0 

a 

10 

3*5768 

LS 

900 

800 




<*i 

1 





42*5 

60*0 

7-5 

a 

6 

3-5658 

\S 

950 

900 




a i 

1 


FF 



40*0 

40*0 

20*0 

a 

1 

3*6105 

FF 

900 

760 





5 

3*5846 




37*5 

50*0 

12*5 

a 

2 

3*5798 

FF 

1000 

750 





3 

3*5701 




30*0 

50*0 

20-0 

a 

1 

3*5977 

FF 

900 

760 





6 

3*5752 




30*0 

60*0 

10*0 

a 

6 

3*5585 

FF 

900 

750 





1 

3*5710 




27*5 

50*0 

22*5 

a 

1 

— 

FF 

900 

830 





12 

3*5814 

S 



25*0 

65*0 

10*0 

a 

8 

3*5527 

FF 

950 

900 





1 





250 

55*0 

20*0 

a 

1 

— 

LFF 

850 

830 




*1 

12 

3*5721 




150 

70*0 

15*0 

a 

3 

3*5499 

FF 

950 

900 





1 

3*5706 




15*0 

65*0 

20*0 

a 

1 

— 

LFF 

900 

750 





30 

3*5672 




10*0 

70*0 

20*0 

a 

1 

— 

FF 

850 

820 





10 

3*5651 

8 



L = Powder photograph taken in longer camera. 

S — Superlattioe lines observed with cobalt radiation. 
FF=»Two face-centred cubic patterns observed. 

All photographs were taken with copper radiation. 
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Table V. Face-centred + body-centred cubic alloys 


Atomic composition 

Cu 

Ni 

A1 

82*5 

2*5 

15*0 

77*5 

2*5 

20*0 

50*0 

25*0 

25*0 

33*3 

33*3 

33*3 

15-0 

47*5 

37*5 

12*5 

42*5 

45*0 

10*0 

46*0 

45*0 

25*0 

50*0 

250 

20*0 

55*0 

25*0 

20*0 

50*0 

30*0 

10*0 

00*0 

30*0 

5*0 

55*0 

40-0 


Approximate 
proportions Lattice 

of phases spacings 

a 100 3-6412 

Pi 1 

a 30 3*6527 

fit 1 

a 3 3*6195 

fit 2 2*8728 

a 1 3*6230 

fit 2 2*8734 

a 1 — 

fit 25 2*8081 

a 1 — 

fit 25 2*8824 

a 1 — 

fit 100 

oc x 100 3*5809 

fit i 

a, 50 3-5846 

fit 1 

3 3-6840 

fi 2 1 2-8656 

a, 4 3-5768 

fit 1 2-8037 

t*! 1 - 

fit 40 2-8030 


Heat treatment 


Radiation 

Lump Powder 

Cu, Ni 

950 

920 

Cu, Ni 

1000 

950 

Cu, Ni 

Co 

850 

750 

Cu, Ni 

Co 

850 

750 

Cu 

Co 

900 

700 

Cu 

Co 

900 

850 

— 

1000 

900 

Cu 

850 

750 

Cu 

950 

880 

Cu 

— 

— 

Cu 

Co 

900 

760 

Cu 

Co 

850 

830 


Table VI. Alloys with two face-centred cubes in 

EQUILIBRIUM WITH A BODY-CENTRED CUBE 

Atomic composition Approximate Heat treatment 

- - proportion Lattice , ——- s 


Cu 

Ni 

A1 

of phases 

spacings 

Radiation 

Lump 

Powder 

90*0 

5*0 

5-0 

a 

100 

3*6105 

Cu 

1000 

950 




a i 

? 








fit 

1 





00*0 

25*0 

15-0 

a 

15 

3*6116 

Cu 

950 

900 





10 

3-5869 







fit 

1 

— 




30*0 

46*0 

26-0 

a 

1 

— 

Cu 

850 

830 





20 

3-6880 








2 

2*8069 

Co 



27*5 

47*5 

26-0 

a 

1 

— 

-— 

850 

800 





60 

3*5886 

Cu 




fit 3 2-8642 Co 

* 2 3-6110 Cu 

«i 1 3-5856 Cu 

fit 0 2-8664 Co 


30-0 40-0 30-0 


900 760 
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Table VII. Some auloys containing y 

Atomic composition Approximate Heat treatment 

. ■ ■■-. - *■ .- s proportion Lattice - 1 ■ — .. s 

Cu Ni A1 of phases spacing# Radiation Lump Powder 


66*0 

2*5 

32*6 

y 

8*6720 

Cu 

950 

900 

57*5 

7*5 

35*0 

r 

8*6797 

Cu 

900 

S50 

57-5 

5*0 

375 

r 

8*6940 

Cu 

950 

920 

57-6 

2*5 

40*0 

y 

— 

Cu 

550 

500 

75-0 

2*5 

22*5 

a 3 

3*6533 

Cu, Ni 

900 

740 




y 1 

8*6714 




67*5 

2*5 

30*0 

a 1 

3*6553 

Cu, Ni 

850 

820 




y 2 

8*6780 




650 

5*0 

30*0 

a 1 

3*6538 

Cu 

850 

820 




y 2 

8*6728 




50*0 

10*0 

40*0 

fit i 

2*9054 

Cu 

900 

740 




y 3 

8*6937 




37*5 

17*5 

45*0 

fit 1 

2*0076 

Cu 

900 

800 




y 1 

8*6928 




34*6 

23*1 

42*3 

fit 1 

2*8932 

Co 

1000 

750 




y 1 

8*6765 

Cu 



40*0 

16*0 

45*0 

fit 1 

— 

Cu 

900 

800 




y 1 





60*0 

7*5 

32*5 

a 1 

3*6534 

Ni 

900 

800 




fit ? 

— 







y 5 

8*6706 

Cu 



65-0 

10*0 

35*0 

a 1 

— 

— 

950 

920 




fit 3 

(2*8907) 

Cu 






y 20 

8*6720 




50*0 

15*0 

35*0 

a 2 

3*0533 

Cu 

950 

900 




fit 3 

(2*8902) 

Ni 






y 6 

8*6706 

Co 



37*5 

25*0 

37-5 

a 10 

3*6543 

Cu 

1000 

750 




A>0 

2*8900 

Co 






v 1 

— 




20*0 

36*0 

45*0 

a. 1 

— 







fit 40 

2*8934 

Cu 

900 

800 




7 10 

— 




These rather perplexing results may perhaps 

be explained 

in the following 


way. During cooling, some of the a x phase is precipitated from the a phase. 
Evidence for this fact can be found from the work of Alexander and Han¬ 


son ( 1937 ), who showed that the phase boundary of the a phase extends 
considerably further from the copper corner at high temperatures than at 
room temperature. The process of precipitation apparently occurs in two 
stages. First little “islands ” of ct x form within the a lattice. These have the 
lattice spacing of the original lattice, not that of the final state. Only when 
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the islands of oq have grown sufficiently to break away from a will they 
crystallize as a separate lattice. Slow cooling appears to “freeze in” the 
intermediate metastable state. 

It is possible that the effect here described is a general phenomenon, to be 
observed whenever a precipitating phase imperfectly crystallizes from the 
parent lattice. If the precipitating phase has no superlattice it cannot then 
be detected by means of X-rays. This is probably the origin of the view 
that small quantities of a second phase may not be observed by X-ray 
methods. The second phase can, in foot, be observed as soon as it has 
crystallized apart from the parent lattice. Tor example, as little as one 
part in 600 of a body-centred cubic structure may be visible on an X-ray 
powder photograph taken in a 19 cm. camera. 

A good example of the small amount of a body-centred cubic phase 
which can be observed on a powder photograph is shown by the alloy 90, 
5, 5 which contains only 1 % of the body-centred cubic phase (see Table VI). 
This alloy is very near the a phase boundary, and marks the corner of the 
three-phase triangle a-f aq-b/^, since the lattice spacing of the a phase is 
here lower than that in any of the a-b /? 2 alloy, and almost the same as 
that of other three-phase alloys. The amount of <aq is too little to be seen 
merely from the superlattice. From this point, the course of the boundary 
between oc and a + /? 2 was followed from the photographs of 82*5, 2*5, 15 
and 77-5, 2*5, 20 . The data for the a + /? 2 phase field in Table V show that 
the amounts of are so small that these alloys must also be near the 
a phase boundary. The lattice spacings of the a constituents of 77-5, 2*5, 20 
of the a-f/? 2 -fy alloys and of 75, 2*5, 22*5 increase in this order. The a 
corner of the three-phase triangle therefore lies between the two points 
representing these alloys. 


The oq flume boundaries 

Although we have examined only one ternary aq alloy which has proved 
to be single-phase, a number of other specimens has been found to contain 
almost pure aq, mixed with small quantities of other phases. Five alloys 
contain small amounts of cc mixed with oq. This is proved by the doubling 
of the high order reflexions, whioh can easily be observed in the larger 
camera, although it is not always visible in the 9 cm. camera. These 
photographs establish the position of the aq boundary on the aluminium- 
poor side. On the aluminium-rich side, the data given in Table V show the 
exact position of the oq boundary and the point of contact of the three- 
phase triangle. 27-5, 47*5, 25 containing just a traoe of the a and phases 
gives the exact position of the point of contact. 
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The /? 2 pfiase boundaries 

A large number of alloys has been found to contain only the body-centred 
cubic /? 2 phase. These are listed in Table III. The lattice spacing® change in 
the irregular manner which is characteristic of the NiAl type of structure 
(compare the results for the FeNiAl system). The maximum spacing was 
found for 15, 35, 50. There is a fall in spacing with the addition of either 
Cu, Ni or A1 to this alloy. 

The phase boundary is given by the two- and three-phase alloys in the 
regions indicated in Tables V and VI. Powder photographs of the /l, -f a 
and /? 2 + Oj alloys (Table V) reveal the slightest trace of the a or ac x consti¬ 
tuent. In the 19 cm. camera 1 part in 400 is visible. The least amount 
observed in the present experiments was 1 part in 100 in the case of 10, 45, 
45. The composition of the /? 2 constituent of the a-b oc x +fi 2 alloys is fixed 
by 15, 47*5, 37*5 and 30, 40, 30. The lattice spacing of the face-centred cubic 
constituent of the former proves that this belongs to the a phase and not 
cty. The considerable amount of in the latter fixes the position of the 
boundary between the a-f /? 2 and a x 4- /? 2 holds. 

The composition of the /? 2 constituent of the a 4 - /? 2 4 - y field is given by 
the three-phase alloys in conjunction with 12*5, 40, 47*5 which contains 
only /? 2 . The boundary between the y? 2 and /? 2 + y fields was fixed by the 
presence of a small amount of y in three alloys (Table VII). The y pattern 
was recognized by the presence of line 66 which is one of its strongest lines 
and does not overlap any line of the /pattern. 

Four alloys lie just beyond the /£» boundary in the + $ region (Table 
VIII). The small amount of S is readily recognized, since the strong lines of 
the S pattern, although close to the /? lines, do not exactly superimpose 
them, except at low angles. 25, 22*5, 52*5 also contains y x lines and enables 
this corner of the /? 2 *f 7i*f i triangle to be fixed. 

The y phase boundaries 

Table VII shows that three single-phase ternary y alloys were found, in 
addition to a single-phase y 2 alloy. As in the binary copper-aluminium 
system, the lattice spacing of y rises with increasing aluminium content. 
Only the a and jl 2 phases are in equilibrium with y ; of these a is readily 
distinguished, but /? 2 presents difficulties. These are greatest in the a++ y 
region, where every line of the pattern exactly overlaps a line of the y 
pattern. Small amounts of ji % are, therefore, indistinguishable from y. As 
the amount of /? 2 increases it becomes possible to recognize changes in the 
relative intensities of the lines, those which are typical only of y becoming 
relatively weaker than those lines which are common to y and /? a . 
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Beyond the three-phase triangle in which a is in equilibrium with /? 2 and 
y v the lattice spacing of /? 2 rises much more rapidly than that of y, The fi % 
lines gradually move away from those of y and it becomes possible to 
distinguish them from one another at high angles. With cobalt radiation 
line 10(310) for /? 2 now becomes quite separate from line 00(930) for y. It 
is then easy to distinguish the two-phase alloy 50, 10, 40 from the single* 
phase alloy 57*5, 5, 37*5. 

The alloy 60, 7*5, 32*5 is placed in the three-phase triangle, on account of 
the lattice spacings, which agree with those of the other three-phase alloys, 
although it is impossible to detect the presence of from the small change 
of intensity. 55, 10, 35, however, just shows an intensity change sufficient 
to prove the presence of /? 2 , fixing the composition of the y constituent of 
the a + /? a + y alloys. 

The differences between y, y x and y a found for the binary copper-alumi¬ 
nium alloys are also observed in the ternary system. The essential point is 
a debasement of symmetry leading to a modification of the high order 
reflexions. This change occurs suddenly at a definite composition but is not 
accompanied by any great change in crystal structure. The majority of 
the atoms have the same positions in the structures of y, y x and y 2 , but 
whereas in y extra aluminium atoms enter at random, in y x and y a they 
occupy definite sites. These sites are distributed in a manner which is 
inconsistent with cubic symmetry, so producing the observed effects. The 
differences between y, y x and y a are scarcely sufficient to be regarded as real 
phase changes, so that there are no observable two-phase fields separating 
the y, y x and y 2 regions on the phase diagram. 

In the ternary system 57*5, 5, 37*5 is still y; 55, 5, 40 is nearly pure y v 
while 57*5, 2*5, 40 is y 2 . The positions of these three alloys show that the 
changes from y to y x and from y, to y 2 do not occur with a fixed aluminium 
composition. The addition of nickel enables more aluminium to be tolerated 
by the y and y x structures. This suggests that the transformation is essen¬ 
tially an electronic effect, nickel having less electrons, aluminium more 
electrons than copper. 


The S phase boundaries 

The d phase has a considerable extension in the ternary diagram, four 
single-phase alloys being found. One half of the nickel atoms in Ni^Alg are 
replaceable by copper, the alloy CuNiAl 3 being just within the phase 
boundary. Characteristic lines of the 6 pattern enable it to be distinguished 
from all neighbouring phases with which it comes into contact. For 
example, in the alloys there is no difficulty in recognizing the 200 
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line of /? 2 side by side with the corresponding 8 line. In spite of the general 
resemblance between the and 8 patterns the lines never quite overlap 
except at low angles. 

Similarly the and r patterns although extremely like 8, differ just 
sufficiently to enable the lines of one structure to be distinguished from 
those of another. Nevertheless, there is sufficient overlapping, especially in 
the low orders, to cause confusion unless every precaution is taken. Although 
the present work was satisfactorily carried out in a camera of 9 cm. 
diameter, it would certainly be advisable to use a much bigger camera to 
resolve the lines of the different patterns. Preferably one should use a 
monochromator in which the radiation only is allowed to reach the 
specimen. The corresponding lines of the pseudo body-centred structures 
are so close together that the presence of a 2 is a real handicap. 

Special temperatures of lump annealing are required to make the copper- 
rich 8 alloys homogeneous. At first the temperatures used for this purpose 
were too low and mixtures with neighbouring phases were obtained. This is 
due to coring. The first portions to solidify are richer in nickel than the 
rest of the material and the liquid crystallizes without reacting with 

Table VIII. Some 8 alloys 
Approxi- Lattice 

Atomic composition mate pro- spacing# Heat treatment 

--*-„ Phase portion of /? s ,--, 


Cu 

Ni 

A1 

field 

of phases 

phase 

Radiation Lump 

Powder 

20*0 

20*0 

60*0 

8 

— 

— 

Cu 

810 

750 

17*5 

20*0 

02*5 

8 

— 

— 

Cu 

900 

800 

15*0 

25*0 

60-0 

8 

— 

— 

Cu 

810 

750 

16*0 

22*5 

02*5 

8 

— 

— 

Cu 

900 

840 

22*5 

25*0 

52*5 


50/1 

2*9044 

Cu 

900 

840 

15*0 

31*5 

53*5 

&+S 

10/1 

2*8781 

Cu, Co 

850 

820 

16*0 

30*0 

55*0 


3/2 

2*8993 

Cu 

900 

800 

10*0 

350 

55*0 


16/1 

2*8900 

Cu 

900 

800 

10*0 

32*5 

57*5 

/?,+* 

1/30 

— 

Cu 

900 

800 

6*0 

400 

55*0 

/i t + S 

30/1 

2*8749 

Cu, Co 

850 

830 

65*0 

5*0 

40*0 

7 > + <* 

40/1 

— 

Cu 

900 

840 

45*0 

10*0 

45*0 

7y + ti 

3/1 

— 

Cu 

810 

750 

20*0 

22*5 

57*5 

7i + & 

1/10 

— 

Cu 

900 

850 

25*0 

20*0 

550 


1/4 

— 

Cu 

810 

750 

42*5 

10*0 

47*5 

7« + <* 

3/2 

— 

Cu 

720 

600 

40*0 

100 

50*0 

y,+<5 

1/1 

— 

Cu 

720 

060 

30-0 

20*0 

50*0 

A+7i + <* 

15/1/4 

2*9103 

Cu 

830 

700 

25-0 

22*5 

52*5 

& + 71 + 1 * 

0/1/3 

2-9084 

Cu 

950 

920 

22*5 

22*5 

55*0 

A + 7i + <f 

1/1/0 

2*9095 

Cu 

950 

920 

7*5 

27*5 

05*0 

$ 4*e 

15/1 

— 

Cu 

550 

600 

2*5 

25*0 

72*5 

d+e 

1/3 

— 

Cu 

750 

640 
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the solid. To promote reaction, temperatures of at least 800° were 
required. 

The 8 phase is in equilibrium with /?, y v y 2 , r , k and e (Tables VIII-X). 
Examples of two-phase alloys containing 8 together with each of the above 
have been obtained, also examples of 8 in four different three-phase areas. 

+ ^ + r is an extremely narrow region about which it is difficult to get 
direct information; but one alloy has been found in this field. 


Table IX, Some t alloys 


Atomic composition 


Approximate 

Heat treatment 

..t 

a 

| 


proportion 


A 







Cu 

Ni 

A1 

Phase field 

of phases 

Lump 

Powder 

350 

7*5 

57*5 

r 

— 

650 

550 

300 

10*0 

000 

r 

— 

720 

660 

27-5 

12*5 

00*0 

r 

— 

750 

640 

400 

7*5 

52*5 

y 2 + r 

1/2 

650 

550 

35*0 

10*0 

55*0 


1/25 

720 

660 

22-5 

17*5 

60*0 

<J + T 

2/1 

900 

750 

37*5 

10*0 

52*5 

y 8 +<*+r 

0/1/10 

720 

660 

37*5 

7*5 

550 

C + r 

1/30 

050 

550 

32*5 

7-5 

00*0 

04-t 

1/20 

650 

550 

37-5 

5*0 

57*5 

J? + r 

1/7/100 

050 

550 

42*5 

2*5 

55*0 

V + T 

2/3 

580 

— 

450 

5*0 

50*0 

C+r 

2/3 

050 

550 

42 5 

5*0 

52*5 


— 

580 

—. 




Table X. 

Alloys containing k 



Atomic composition 


Approximate 

proportion 

Heat 

treatment 


Ni 



s — rr 

nur.v;- 

Cu 

A1 

Phase field 

of phases 

Lump 

Powder 

30*0 

50 

65-0 

0+T + K 

4/0/1 

580 

550 

27*5 

10*0 

02*5 

T + /C 

30/1 

050 

550 

250 

10*0 

65*0 

T+K 

15/1 

050 

550 

25*0 

12*5 

62*5 

8+t + k 

1/50/1 

710 

080 

22*5 

16*0 

02*5 

<$ + t + /c 

30/30/1 

710 

680 

20-0 

15*0 

05*0 


8/4/1 

710 

080 

16*7 

111 

72*2 

*+T + K 

6/2/3 

710 

680 

20*0 

10*0 

70*0 

£+ T+/C 

3/10/3 

710 

680 

22*5 

12*5 

65*0 

8 + t + k 

3/15/2 

710 

680 

20*0 

17*5 

02*5 

$ + K 

100/1 

900 

750 

10*0 

25*0 

05*0 

8+tc 

15/1 

510 

500 

15*0 

200 

65*0 

8+k 

15/1 

710 

680 

5*0 

20*0 

75*0 

8 *f14* k 

5/1/3 

490 

470 

2*5 

22*6 

75*0 

K 

— 

580 
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The t phase boundaries 

The r phase, situated in the interior of the ternary diagram, has a con¬ 
siderable extension, but mutual replacement of copper and nickel does not 
occur to the same extent, as in aq and 5. Of the three single-phase alloys 
found during this investigation, the simplest formula is Cu s NiAl e . This alloy 
contains considerably less aluminium than any investigated by Bingham 
and Haughton, in their discovery of the r phase. The most homogeneous 
alloy reported by them was Cu 2 NiAl 6 which is just outside the r phase field, 
on the aluminium-rich side. 

Considerable difficulty was at first experienced in removing segregation 
in r alloys rich in aluminium. Before obtaining satisfactory results it was 
necessary to try lump annealing at several different temperatures. If the 
temperature is too high the alloy partially melts ; if too low the reaction is 
too slow. 

The difficulty of finding a suitable temperature for the heat treatment of 
the r alloys arises from the following facts. The liquidus surface, as shown 
by Austin and Murphy has a steep gradient in the neighbourhood. The 
first phase to solidify is probably 8. r is situated in a region where the 
liquidus temperature is much lower, but not so low as for 0 and k. The 
separation of 8 crystals displaces the composition of the liquid phase 
towards the copper-aluminium edge of the diagram. It appears that r 
next precipitates, leaving the eutectic of k + 0 (or possibly the ternary 
eutectic of t + k + 6) as the last composition to solidify. Finally the solid 
contains four phases 8, r, k and 0, It is necessary to heat-treat the alloy 
at a temperature where these four phases will react to give an equilibrium 
product. (150-700° C. covers the ideal temperature range. 

e and k phases 

The e phase includes the composition NiAi 3 . There is some solubility of 
copper as is proven by the 2*5, 25, 72*5 and 2*5, 22-5, 75 which contain only 
If there were no solid solubility these alloys would also contain k . 

The a: phase is of small extent. For details reference should be made to 
the work of Bingham and Haughton. Here we have only attempted to fix 
the phase sequence, showing that there are no fewer than seven phase fields 
bordering on the aluminium solid solution (see Table II). The system is 
therefore even more complicated than had previously been supposed. 

We are indebted to Professor W. L. Bragg, F.R.8. for his great interest 
in the work which was commenced in the Physical Laboratories of the 
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University of Manchester and completed at the National Physical Labo¬ 
ratory under Dr C. H. Desch, F.R.S, One of us (H. Lipson) has been in 
receipt of a grant from the Department of Scientific and Industrial Re¬ 
search. The work is being continued with help from the Permanent Magnet 
Association and the Electrical Research Association. 


Summary 

From an X-ray examination of slowly cooled CuNiAl alloys, a phase 
diagram has been constructed. The boundaries of the single-phase, two- 
phase and three-phase fields have been fixed from powder photographs. 
A novel feature of the work is the use made of the relative intensities of the 
X-ray reflexions to estimate the proportions of the constituents in two- and 
three-phase alloys. 

The single-phase fields are derived from the copper-aluminium and nickel- 
aluminium systems, with the exception of r (Ci^NiAl*), which has a new 
type of structure, derived from a deformed body-centred cube. 
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The mechanism of chain breaking in tnb thermal 
decomposition of ethane 

By J. E. Hobbs and C. N. Hinshelwood, F.R.S. 

(Received 27 April 1938) 


The decomposition of ethane in the neighbourhood of 600° occurs largely 
by a chain mechanism in which free radicals are formed. In the course 
of experiments on the inhibition of the reaction by nitric oxide, Staveley 
( 1937 ) found that the mean chain length diminished with increasing ethane 
pressure. From this he reached the conclusion that the chains were broken 
predominantly by a ternary collision process involving two radicles and 
an ethane molecule. 

The important question whether chains are ended by binary or by ternary 
collisions can be approached in another way, the exploration of which is 
described in the following pages. 

The reaction rate falls rapidly with increasing concentration of nitric 
oxide. The nitric oxide is in competition with the normal chain-ending 
agencies: therefore the form of the curve showing the rate as a function of 
its concentration, with ethane constant, can provide confirmation of the 
usual assumption that the chain-breaking process depends upon the square 
of the radicle concentration. Furthermore, the dependence on the ethane 
pressure of the constants in the equation for this curve may tell us what 
part the ethane molecules play in the recombination of the radicals. 

The curve has therefore been determined for four different ethane 
pressures from 50 to 450 mm. The experimental method was the same as 
that described by Staveley. 

The rates given in the tables are unimolecular velocity constants calcu¬ 
lated from the directly observed initial reaction rates, and are expressed 
in sec ." 1 All measurements were made at 000 °. The values of p 0 and p m 
in each case are the mean of three concordant determinations. 

The measured rates, p 0> in the absence of nitric oxide agreed with those 
given by Staveley: e.g. 24*3 at 100 mm. compared with 24*6, and 25*6 at 
460 mm. compared with 21 * 0 . (These are expressed as velocity constants 
in sec ." 1 x 10 5 .) For the limiting rates, p*, at higher nitric oxide concentra¬ 
tions the present values are rather higher: e.g. 3*8 at 100 mm. compared 
with 1*4, and 6*2 at 460 mm. compared with 3*3. This probably means that 
a residual surface reaction is more in evidence now than in Staveley’s 
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experiments, though it is evident from a difference between the inhibited 
reaction rates in two of Staveley *s tables that a drift was occurring in the 
course of his experiments. However, neither baking out the reaction bulb 
with oxygen, nor decomposing acetone vapour in it—a device which some¬ 
times poisons surface reactions—changed our values. The chain length, 
being fairly long, is sensitive to small changes in : consequently our values 
are somewhat lower than those given by Staveley, but we still find the 
characteristic decrease with increasing pressure, upon which he based the 
conclusion about the mechanism of chain-breaking. The only difference is 
that we find a variation with an inverse power of the ethane pressure of 
0*35 while Staveley gave 0*5. As regards the variation of p «, with the ethane 
pressure, we find exactly the same result as Staveley. The occurrence of 
a small proportion of surface reaction may make some of the numerical 
values of chain lengths uncertain: it is therefore an advantage that the 
present method of approach largely eliminates the influence of any surface 
reaction which may be present. 

The theory is as follows: let a be the concentration of the activated ethane 
molecules which yield radicals, n that of the normal ethane molecules, R 
that of the radicles or atoms which propagate the chain, and we have in 
the stationary state: 

dR/dt « = 0, 

whence R --fe« [NO] + {(t,[NO])» + 4 t 1 t f on»}* 

The term k 2 n v allows for the operation of either binary or ternary re¬ 
combination meohanisms. a is an unknown function of the ethane concen¬ 
tration, which we will represent approximately by n x . In addition to the 
ohain reaction there is a rearrangement prooess the rateof which is k 3 f t (n) and 
possibly a surfaoe reaction of rate 8. The total rate, p, is kj t {n) + k t Bn + S, 
it being assumed that the chain propagating reaction is proportional to the 
product of the ethane and of the radical concentrations. 

p - S + kJ i (n) + -£j^ v [-k l [NO] + {(k i [NO])* + 4k l k i n a W}l], 

when [NO] = 0 , rate = p 0 , 

p 0 ~ S + kj 3 (n) + {41:, k 3 n x n v }K 

Let p* be the limiting rate when [NO] is large, 

p„ - S + kJ t (n), 



The thermal decomposition of ethane 


441 


whence £-J £• * {(y[NO]) 2 + l^-yfNO], (1) 

Po~~Pao 

where y «= (2) 

When ethane is constant y is also a constant, while for different ethane 
pressures y varies according to (2). 

Tables I~IV and fig, 1 show that equation (1) is satisfied at a given ethane 
pressure. In the figure the continuous lines are those calculated from the 
equation with the values of y in Table V. 


Table I. Pressure of ethane «= 57 mm. 


[NO] 




mm. 

p sec. -1 x 10 6 

(P-Poo)I(Po' 

“ Pcc) 

00 

2*18 

0*00 


4*08 

2*42 

0*013 


3*44 

2*83 

0*034 


2*76 

2*91 

0*038 


2*00 

3*42 

0*005 


0*910 

4*93 

0*144 


0*381 

8*48 

0*330 


0*206 

H* 5 

0*489 


0*0 

21*3 

1*000 


Table II. 

Pressure of ethane - 100 mm. 

[NO] 




mm. 

p sec, -1 x 10 5 

(P~P«)/(Po 

Poo) 

00 

3*80 

0*000 


3*75 

4*95 

0*056 


2 01 

5*29 

0*073 


1*77 

6*84 

0*148 


0*95 

8*82 

0*245 


0*84 

9*96 

0*301 


0*53 

11*5 

0*376 


0*30 

14*0 

0*496 


0*15 

18*0 

0*694 


0*00 

24*3 

1*000 


Table III. 

Pressure of ethane = 300 mm. 

[NO] 




mm. 

p sec, -1 x 10 s 

<P-Poo)/(Po- 

-/>«,) 

00 

4*80 

0*000 


3*54 

7*79 

0*120 


2*07 

9*0 

0*203 


1*02 

10*5 

0*241 


0*97 

13*3 

0*359 


0*46 

17*5 

0*536 


0*35 

22*5 

0*747 


0*00 

28*5 

1*000 



28-a 
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Table IV. Pressure of ethane = 454 mm. 


[NO] 



min. 

p see. -1 x 10* (p — />oo)/(p»—/>») 

QO 

6-20 

0-000 

3-53 

10-4 

0*223 

209 

12-8 

0-339 

0-96 

16*9 

0-552 

0-50 

19*7 

0-096 

0-00 

25*0 

1-000 

Table V. 

Values of y uski> in the 

! EQUATION 

(P-P* 

)/(ft-/>«)-{(y[NO])*+i}i- 

-y[NO] 


[C,HJ 


mm* 

7 

67 

3-60 

100 

2-10 

300 

115 

454 

0*06 


Table VI. Variation of apparent chain length 
WITH ETHANE PRESSURE AT 600° 


[C.H.] 

Mean chain 

mm. 

length 

57 

9-8 

100 

0-6 

300 

6-9 

464 

4*1 


Plotting log y against log [C 2 H 8 ], as in fig. 2, we find to what power of the 
ethane pressure y is most nearly proportional. The value lies between the 
limits - 0-73 and - 0-87, the best approximation over the range of pressure 
used being - 0-83. If the chains were broken by binary collisions, y would be 
zero and if by ternary y would be unity. To obtain y from the experimental 
results, we must first find x. x cannot be less than unity since the reaction 
is unimolecular: it probably lies, as is usual, between one and two. Thus y 
must be between 0'66 and zero, since it could not be negative. This would 
suggest a combination of binary and ternary collisions. Now it is only 
when x is near its lowest limit that the mean chain length decreases with 
increasing pressure as found experimentally. The apparent chain length 
being measured by is 


PalP& — 1 + K 


J 


[C,H «]»+* 

[C*H,3» {fc*/ t (n) + S}*' 


( 3 ) 
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Fig. 1 . Inhibition of thermal decomposition of ethane. (Continuous 
lines are those given by theoretical formula.) 
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(S+f t (n)), the rate of the inhibited reaction, has been found empirically 
to be representable over the pressure range in question by an expression 
with [CgHe] 1 ' 5 . Equation (3) then simplifies to 

(PolP^- 1 ) = constan/[C t H e ] (x -i'-«2. 


+06. 

+0-4 

+ 0-2 
logy 

0-0 

- 0 - 2 , 

Fig, 2. Variation of y with ethane pressure. 



We consider first the case where sc has its lowest value, unity. Sinoe 
x + y = 1-66, y will be 0-66, and (p 0 jp x ~\) will vary as [C 8 H # ] -0 ' 88 . The 
upper and lower limits of the exponent, corresponding to the experimental 
uncertainty of x+y, being -0-23 and -0-30 respectively. In the present 
series of measurements (p 0 /p < c -1) varies as [CjHj] -0-38 with an uncertainty 
of about 0-1 in the exponent, for which Staveley gave the value —0-5. 
Thus we see that there is nearly agreement between the observed and pre¬ 
dicted variations of chain length. The agreement becomes less good if any 
other admissible value is assumed for x. Again, if the contribution, 8, to 
the rate from the surface reaction is appreciable, this does not affect the 
value of y, and therefore of x+y. The mean chain length (p 0 — S)l(p n — 8), 
however, would decrease with increasing pressure faster than the apparent 
value, PolPw This could only be accounted for by decreasing x below unity, 
which is inadmissible. For this reason the values assigned to x and y 
separately remain the most probable even if there is appreciable surface 




The thermal decomposition of ethane 445 

reaction. Therefore we take x as unity and y as 0 * 66 , The result [CaHJ 0,6 * 
must be an approximation, justified empirically over the limited range 
studied, for some expression of composite form. 

If there are two independent chain-ending mechanisms, one involving 
binary collisions and one ternary, then the exact expression should be 
-f jfca[C 2 H 6 ], which can be made to vary with ethane pressure in the 
required way by a suitable choice of the ratio With a value of 

1-32 x 10~ 2 for the ratio, when [C 2 H e ] is expressed in mm., the linear expres¬ 
sion varies in the same way as [C 2 H e ]°‘ 86 , with an average deviation of about 
5 %. Thus on this assumption the ratio of ternary to binary collision pro¬ 
cesses is 1*32 x 10 ~ 2 [C 2 H 6 ], which is unity at a pressure of 76 mm., the 
binary processes predominating at lower pressures and the ternary at higher 
pressures. Since 76 mm. is near the lower limit of the pressure range, this 
conclusion is in agreement with that reached by Staveley in another way. 

There is also the possibility of a single chain-ending process, the order of 
which depends upon the pressure. If the time between collisions is com¬ 
parable with the mean life of the activated association product of the 
radicles, then it is easy to show that the rate of chain breaking will depend 
upon the ethane concentration according to an expression of the form 
[C 2 H 0 ]/(6 + [C a H a ]), which can also be represented over the range in question 
by a fractional power of 0 * 66 , if the constant b is assumed to be about 300; 
the average deviation being about 5 % as before. 

In principle it should be possible to distinguish between the two hypo¬ 
theses by seeing from the curve of logy against log [C 2 H„] whether y itself 
tends towards unity or towards zero at high pressures, but unfortunately 
the experimental results do not allow this to be done. If there are two kinds 
of recombination process, then it would be natural to assume, as Staveley 
did, that the ternary collisions involve hydrogen atoms and the binary 
organic radicals. If, on the other hand, we have a single recombination 
process of varying order, then the predominating order below about 
300 mm, is ternary with a tendency to become binary at higher pressures. 
The average life of the activated association product must be of the same 
order of magnitude as the time between two collisions which it suffers with 
ethane at 300 mm. and 600°, which is about 6 x 10~ 10 sec. This assumes that 
every collision with ethane would deactivate with perfect efficiency, which 
is open to considerable doubt in view of experiments on the addition of 
other gases such as nitrogen. 6 x 10~ 10 sec. is therefore a lower limit. Such 
a life is high for a pair of hydrogen atoms, but is within the possible range 
for the association product of a pair of organic radicals, or of an organic 
radical and a hydrogen atom (cf. Kimball 1937 ). It may well be that the 
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first alternative is the more probable for the ethane decomposition, since 
hydrogen atoms and organic radicals are almost certainly involved, but in 
simpler reactions, where only alkyl radicals appear, the application of the 
methods which we have discussed might lead to interesting results about 
the lives of activated molecules. 


Summary 

In the decomposition of ethane there are chains which appear normally 
to be broken by the recombination of radicals, but, in presence of nitric 
oxide, by reaction between it and the radicals. The equation for the curve 
showing the rate of reaction as a function of nitric oxide concentration 
contains constants which depend differently upon the ethane concentration 
according to the mechanism assumed for the normal recombination of the 
radicles. Experimental investigation gives evidence that the predominant 
mechanism for chain ending in the absence of nitric oxide is a ternary 
collision between two radicals and an ethane molecule, but that binary 
collisions are also in some degree effective. This result is discussed.- 
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Reaction chains in the thermal decomposition of 
hydrocarbons. A comparison of methane, 
ethane, propane and hexane 

By J. E. Hobbs and C, N. Hinshelwood, E.R.S. 

(Received 27 April 1938) 

The inhibition by nitric oxide of the thermal decomposition of ethane at 
600° shows that the reaction proceeds partly by a chain mechanism, the 
apparent chain length, as measured by the ratio of the normal rate to that 
of the chain-free reaction, being of the order 5-15 over the range of pressure 
50-500 mm., and falling with increasing pressure (Staveley 1937 ; Hobbs 
and Hinshelwood 1938 ). 

In passing up a homologous series of compounds the chain length may 
rise or fall. With the series of ethers, for example, it decreases rapidly, 
whereas with the aldehydes it increases (Staveley and Hinshelwood 1937 ). 

In order to ascertain the behaviour of the hydrocarbons in this respect 
the investigations with ethane have been extended to include propane and 
hexane. Some observations on the behaviour of methane have also been 
made. 


Profane 

The apparatus and general experimental methods were as described by 
Staveley. The propane was prepared by liquefaction and fractionation of 
commercial propane, stated to be chemically pure. Propane reacts at 
a convenient rate at 550°. The products are not simple, and the question 
arises, as always, how far the rate of pressure change may legitimately be 
used as a measure of the progress of the reaction. In principle this use would 
be questionable in the present case, but, for the range of conditions in which 
we apply it, it is justified empirically in the following way. Between 
100 and 300 mm. the pressure-time curves could be brought into almost 
exact coincidence throughout their course if the pressures were made to 
correspond at any one point. This shows that the initial rates of pressure 
change can be used for comparative purposes over this range. The relation 
between pressure change and propane decomposed might easily vary with 
the amount of nitric oxide in the system: but the pressure changes after the 
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completion of the main reaction were the same within about 3 % whether 
the propane reacted alone or whether enough nitric oxide had been added 
to cut down the initial rate to one-fifth of the original. In these circumstances 
it is difficult to believe that the reduction of 80 % in the rate of pressure 
change is due to anytliing but ft corresponding reduction in the true reaction 
rate. 

In general the results are very similar to those found for ethane. The 
chain length is slightly greater than that found for ethane under comparable 
conditions, but the difference is not so great that it may not be due to small 
uncontrollable changes in these conditions. 

, The expression which gave the variation of rate with nitric oxide con¬ 
centration for ethane (Hobbs and Hinshelwood, Staveley loc. cit>) is also 
applicable to propane as shown in the figure. 

The chain length increases with decreasing pressure as found for ethane, 
being approximately proportional to [C 3 H 8 ]~ 0 ' 5 . The rate of the fully 
inhibited reaction over the pressure range investigated can be expressed 
empirically by a proportionality to [C S H S ] 1 * 6 approximately. 

Table I. Variation of the rate of propane decomposition in presence 

OF NITRIC OXIDE. INITIAL PRESSURE OF PROPANE = 100 MM. 

Temperature 550° 


Pressure of 



nitric oxide 

Initial rate 


mm. 

P 

(P~Pod)I{Po-P<») 

0*000 

25-5 

1-000 

0-278 

16*4 

0-590 

0-476 

13-5 

0*460 

0*878 

8-9 

0*252 

2-02 

61 

0*125 

2*81 

5*2 

0*085 

3-75 

4*8 

0*066 

7*20 

3*8 

_ 

14*5 

3*3 

_ 

24*4 

3*35 

_ 

34-4 

3-49 

_ 

51*5 

4*29 

— 


The reaction is predominantly homogeneous. Experiments were made 
in a bulb packed with silica beads (surface/volume ratio twelve times greater 
than that for the unpacked bulb). At 500 mm. propane pressure the uni- 
molecular velocity constant (l/p.dp/dt) of the fully inhibited reaction was 
increased from 8-9 x 10~ 6 to 9*5 x 10“ 6 sec.-' 1 , and at 300 mm. from 6-6 to 
7-4 x 10- 5 . The uninhibited reaction, on the other hand, was slower in the 
packed bulb, at 500 mm. being decreased from 29 to 25 x IQ- 5 sec.- 1 and 
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at 300 mm. from 27 to 21 x 10~ s , an effect attributable to the breaking of 
chains at the wall of the vessel. 


Table II. Variation of rate of fully inhibited 

REACTION WITH PROPANE PRESSURE 


Propane 

pressure 


mm. 

k x 10* (sec.” 1 ) 

23 

1*97 

51 

2*47 

102 

3*44 

211 

5*07 

301 

6*59 

508 

8*93 


Table III. Variation of apparent chain length 
WITH PROPANE PRESSURE. TEMPERATURE 550° 


Propane 

pressure 

Chain 

mm. 

length 

23 

10*1 

50 

9*9 

103 

7*5 

211 

4*9 

306 

4*1 

501 

3*3 


Hexane 

The hexane was kept as liquid in a small bulb attached to the apparatus, 
all of which, including the Bourdon gauge, was warmed electrically to 
a temperature high enough to stop any condensation at the partial pressures 
used. 

According to Dintzes and Frost ( 1933 ) the primary decomposition of 
hexane occurs in two principal ways, to give on the one hand methane and 
pentylene, and on the other ethane and butylene. The unsaturated com¬ 
pounds then break up further. Our experiments were carried out at 530° 
where any subsequent decomposition of the ethane is slow and that of the 
methane is negligible. To render possible certain general conclusions about 
chain length, we first established, as with propane, that the initial rate of 
pressure change measured on the Bourdon gauge can be regarded empirically 
as a measure of the relative reaction rate over the range of conditions used. 

The results are similar in general to those found with propane: the inhibi- 
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tion by increasing amounts of nitric oxide is shown in fig. 2. The mean chain 
length is lower than that for propane, as shown in Table IV, the values 
falling as the pressure of hexane increases. 


Table IV 


Pressure of 
hexane 

Mean chain 

mm. 

length 

60 

2*3 

100 

1*9 

200 

1-8 

350 

1*4 


Table V. Values of k x 10 5 (sec. -1 ). Temperature 530° 


Packed vessel 
Unpacked vessel 


Uninhibited reaction 

Hexane Hexane 
100 mm. 60 mm. 


Inhibited reaction 

Hexane Hexane 

100 mm. 60 mm. 


20 17 19*7 10-5 

35 31 18-2 13-6 



Pio. 2. Inhibition by nitric oxide of the thermal decomposition of hexane. 


The variation is expressed approximately by Chain length=c[C < H 14 ]~ 0- *. 
The rate of the fully inhibited reaction varies as [C # H U ] 1,5 approximately. 
The absolute rateB found for the uninhibited reaction are in agreement with 
those found by other observers. 
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The results obtained by the use of a packed reaction vessel are of interest* 
The inhibited reaction is very little changed, showing that the reaction is 
homogeneous. The uninhibited reaction, on the other hand, is quite appre¬ 
ciably slowed down, showing that here the walls have a considerable 
influence in breaking the chains. 


♦ Methane 

The decomposition temperature of methane is much higher, and we 
expected that no definite results would be obtainable, since nitric oxide 
would react rapidly with methane itself, or at least with the hydrogen 
produced in the reaction. It proved possible, however, to obtain quite 
definite evidence of the occurrence of chains. 

The methane was prepared from a natural gas containing over 90% 
methane. This was freed from oxygen by pyrogallol, from hydrogen and 
carbon monoxide by passage over copper oxide heated to 350°, and then 
condensed at the temperature of liquid nitrogen. The condensate was 
fractionated until it showed the vapour pressure of methane, when a fraction 
was collected for use. Different preparations showed the same reaction 
velocity. 

At 780° the decomposition was very slow, and the rate could only be 
reduced by about 15 % on addition of nitric oxide. This shows that the 
results at higher temperatures where inhibition is found can hardly be 
attributed to contamination with lower hydrocarbons. 

Most of the experiments were made at 850°, where Kassel ( 1932 ) found 
a rate which is comparable with that of the ethane, propane and hexane 
reactions under the conditions of our previous measurements. Here the 
inhibition by nitric oxide is considerable. 

Nitric oxide reacts with methane and, if the experiment is prolonged, the 
inhibition initially observed disappears and the rate rises to its normal value 
as shown in fig. 3. The disappearance, however, is not rapid enough to 
affect the initial rate measured on the Bourdon gauge. With increasing 
amounts of nitric oxide the initial rate falls to a minimum, but instead of 
remaining constant as with the other hydrocarbons (of. figs. I, 2 ) rises 
again rather steeply, owing to the increasing speed of the oxidation reaction 
between nitric oxide and methane, or possibly in some degree to a catalytic 
reaction. This is shown in fig. 4. 

The rising part of the curve is nearly linear and may be extrapolated back, 
so that a correction may be applied to all the values on the failing part. 
In this way the value to which the rate would fall if there were no oxidation 
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or catalytic reaction can be found and the mean chain length calculated 
in the usual way. The value found is 4-7 at 100 mm. methane and 2-9 at 
200 mm., varying thus approximately as [CH 4 ]~ 0 ' 7 . 




Fia. 4. Influence of nitric oxide on the rate of decomposition of methane at 850°. 

The corrected ourve can be expressed quite well by the usual formula 
(preceding paper, p. 441), but, in view of the indirect way in which it has to 
be obtained, no detailed deductions from the value of y will be made. 
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Table VI. Initial pbessure of methane = 100 mm. Tempera tube 860' 


Pressure of nitric 0 0-77 1-77 3-2 3-9 4-6 6-1 7-7 10 17 23 

oxide mm. 

k x 10* sec .- 1 28 1 20*2 17*6 14-5 15-4 15-1 14-6 16*6 20*0 29-6 37*6 

The formula of Kassel ( be . cit.) gives k x 10 s = 26 at 850°. 

Initial pressure of methane = 200 mm. Temperature 850° 

Pressure of nitric 0 0-85 1-40 1-9 3-1 4-5 6-5 9-5 14-5 22*0 26*0 

oxide mm. 

k x 10 6 soc.-* 34*4 28 0 24-9 23-5 22*2 21-3 20*8 22*3 27*9 34-7 41*2 

Discussion 

The mean chain length, as defined conventionally by Po/p*,* exhibits 
no marked trend on passing up the series from methane to hexane. It tends 
always to decrease as the pressure rises, usually depending upon a power of 
the pressure in the neighbourhood of -0*5. Detailed consideration of the 
case of ethane shows that this can be explained by assuming both binary 
and ternary collisions to play a part in the recombination of the radicles. 
Taking the results as a whole, they show that the reactions of the different 
hydrocarbons are built upon a rather constant plan. 

Comparing the actual values of the mean chain lengths recorded in this 
and in the previous paper minor variations are, however, evident, the 
values for ethane and propane being greater than those for methane and 
hexane. The explanation is that the chain lengths depend upon three 
independently varying activation energies, those namely of radical forma¬ 
tion, of the competing rearrangement process and of the chain propagation 
process (Staveley and Hinshelwood 1937 ). In the case of hexane, for 
example, the low mean chain length can plausibly be attributed to the fact 
that the competing rearrangement process has a low activation energy 
relatively to the radicle formation. A given value of the mean chain length 
may represent either a few long chains or many short ones. Which occur 
depends again upon the relative values of different activation energies. 
An approximate method (Staveley and Hinshelwood 1936 ) can be used for 
calculating the activation energy of the propagation process. Applied to 
the various results given above it yields for methane circa 10 , 000 , for ethane 
10 , 000 , for propane 9000 and for hexane 6000. The lower value for hexane 
is essentially an expression of the fact that more nitrio oxide is required to 1 
produce a given degree of inhibition with hexane than with the others. It 
leads us to expect that the relatively few chains starting should have 
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a considerably greater absolute length. This may explain why hexane is 
more sensitive than the others to the retarding influence of the vessel walls. 

An incidental point of interest is that with ethane, propane and hexane 
the rates of the inhibited reaction vary over a certain range of about 
400-50 mm. approximately as the l*5th power of the pressure. This is 
probably due to the fact that in all three cases the curve has been determined 
in a region where the usual transition from first order to second order is 
occurring. On this view the three halves power would have no great sig- 
nificance. On the other hand, the three halves power law is itself followed 
by certain chain reactions, and one is led to wonder whether the residual 
inhibited reaction could itself depend upon a special kind of chain with 
carriers immune from the attack of nitric oxide. In view of the variety of 
reactions which nitric oxide effectively inhibits, one is reluctant to entertain 
such an hy pothesis without other evidence, of which at present there is none. 

Summary 

A comparison has been made of the inhibition by nitric oxide of the 
thermal decomposition of methane, ethane, propane and hexane. The mean 
chain length, as defined by the ratio of the rates of the uninhibited and fully 
inhibited reactions, shows no marked variation as the series is ascended, 
has values from 2 to 15 according to conditions, and, for a given hydro¬ 
carbon, decreases as the initial pressure increases. The curves showing the 
decrease in rate as a function of nitric oxide concentration can be expressed 
in terms of a simple theory of chain breaking. The mean chain length depends 
upon the relative values of three activation energies, namely those of 
radicle formation, of decomposition by internal rearrangement, and of 
chain propagation. Approximate evaluation of the last shows that it tends 
to decrease with the higher hydrocarbons* 
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A study of the chain reaction in the thermal 
decomposition of diethyl ether 

By J. E. Hobbs 
Trinity College , Oxford 

(Communicated by C . N. Hinshelwood, F.R.S.*—Received 8 June 1938) 

In a recent paper (Hobbs and Hinshelwood 1938 ), information about the 
chain mechanisms involved in the thermal decomposition of ethane was 
obtained by studying the variation with the ethane concentration of the 
shape of the curve which represents the reduction in reaction rate as a func¬ 
tion of minute quantities of added nitric oxide. This paper describes the 
results of a similar investigation carried out with diethyl ether, the behaviour 
of which shows an interesting contrast with that of ethane. 

* Notes by tfa Communicator: 

(1) This work is the natural continuation of the work of Staveley and Hinshelwood 
(1936, X937) and of Hobbs and Hinshelwood (1938) on the chain processes involved 
in the decomposition of ether and of ethane respectively. The clear contrast which now 
emerges between the mechanism of chain breaking in the ether reaction and that 
in the reactions of the hydrocarbons necessitates the revision of one of the incidental 
calculations mad© by Staveley and Hinshelwood, who, from the amount of nitric 
oxide required to reduce the rate to a given fraction of its initial value deduced the 
probability of reaction and henco an energy of activation for the encounter between 
the chain propagating particle and the ether. This calculation, legitimate for e.g. 
ethane, should for ether be replaced by that given in the present paper, which leads 
not to a probability of reaction between radical and ether, but to the probability of 
spontaneous decomposition of one of the radicals. 

(2) Confusion has arisen in some quarters about the relation between the inhibiting 
action of minute quantities of nitric oxide and the oxidation reactions which can 
occur with large quantities. It lias been suggested (a) that the oxidation reactions 
mask or distort the pressure changes due to the normal decomposition and (6) that 
the oxidation reactions make it impossible to say whether the rate reaches a true 
limit with increasing nitric oxide concentration (cf. Ann. Rep . Chem . Soc . 1937, p. 47). 
With regard to (a) it may be pointed out that a few tenths of a millimetre of nitric 
oxide can very markedly reduce the rate of decomposition of 400 mm. ethyl ether 
over its whole course. It is impossible that one substance should stoicheiometrically 
affect 1000 times its own amount of another in the way implied by this criticism. 
With regard to (6) it should be pointed out again that with ether, for example, the 
rate falls rapidly to a limit over the range 0 - 1*0 mm. after which it remains steady 
for at least ten times this range, and later rises again slowly. The long steady region 
is quite unlike a mere minimum—as reference to published diagrams will show. 

Finally, it may be observed that chemical reactions at higher pressures of nitric 
oxide with ethers, hydrocarbons and other substances are in no way inconsistent with 
the chain theories which themselves postulate the breaking of chains by reactions 
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The thermal decomposition of diethyl ether in the neighbourhood of 
500° C. occurs partly by a chain mechanism in which free radicals are formed* 
and partly by intramolecular rearrangement (Staveley and Hinshelwood 
1936 , 1937 ). The end-products of the decomposition are methane, ethane, 
and carbon monoxide, with small amounts of hydrogen and unsaturated 
substances. Acetaldehyde is an intermediate product formed either in the 
rearrangement process, or, as in the mechanism put forward below, during 
the chain reaction (Fletcher and Rollefson 1936 ). The acetaldehyde, how¬ 
ever, decomposes rapidly under the experimental conditions and the 
initial rate is sensibly that of the decomposition of the ether into the final 
products. 

The decomposition of the ether is inhibited by nitric oxide, the rate falling 
rapidly to a steady limit with increasing concentration of the inhibitor. The 
mean chain length, as defined by the ratio of the uninhibited and fully 
inhibited reactions, is independent of the ether pressure: this also applies to 
the other members of the ether series. The mean chain lengths for the 
hydrocarbons, however, decrease as the pressure of the hydrocarbon in¬ 
creases: the average variation being as the —0-5 power of the hydrocarbon 
concentration. The reason for this difference between the two series is made 
clear in the present investigation. 

The “inhibition curve” for diethyl ether has been determined at 504° C. 
for four different ether pressures from 50 to 400 mm. The experimental 
method was the same as that described by Staveley ( 1937 ). 

The rates given in the Tables are initial reaction rates expressed in 
mm./sec. The values of p 0 and p w in each case are the mean of at least three 
concordant determinations. The unimolecular velocity constant of the un¬ 
inhibited reaction at 400 mm, and 504° C., calculated from the time for 50 % 
increase in pressure, is 28*3 x 10 " 6 sec.“ 1 . This is in fair agreement with the 
value 34*6 x 10~ 5 sec .- 1 extrapolated from the results of Hinshelwood 
( 1927 ) for the limiting rate at high pressures and the same temperature. 

The values of (p-p^)l(Po-p^) have been calculated for each ether 
pressure and are plotted against the nitric oxide concentration in fig. 1 . The 

of nitric oxide with certain radicals. The whole point lies in the magnitude of the 
effect which minute amounts of nitric oxide can exert; this is the essential factor 
which distinguishes a chain reaction from any other type. 

The clear-out quantitative result of the present paper, revealing a distinction in 
detailed mechanism between ether and ethane, in entire accord with independent 
evidence, provides additional proof that the chain breaking theory of the action of 
nitric oxide is adequate, and that the experimental methods employed are quanti¬ 
tatively as well as qualitatively sound. 

a n. h. 


29-2 
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Table I. Pressure of ether = 51 mm. 


NO (mm.) 

p mm,/sec. x 10® 

(P “ P ec )/(Po “* P to ) 

0-00 

10*65 

1*000 

015 

5*10 

0*357 

0*30 

4*49 

0*285 

0*46 

3*19 

0*131 

0*78 

3*14 

0*125 

00 

2*08 

0*000 

Table II. 

Pressure of ether = 103 mm. 

NO (mm.) 

p mm./sec. x 10 3 

(p “*P00)/(Po ~~ Pco ) 

0*000 

29*9 

1*000 

0*115 

16*8 

0*458 

0127 

17*4 

0*484 

0*270 

12*9 

0*298 

0*415 

10*1 

0182 

0*550 

8*35 

0*109 

0*795 

7*42 

0*071 

0*035 

7*52 

0*075 

1*020 

6*55 

0*035 

00 

5*70 

0*000 

Table III. 

Pressure of ether = 200 mm. 

NO (mm.) 

p mm./sec. x 10 s 

(p-pooJ/CPo-Poo) 

0*000 

68*0 

1*000 

0*040 

41*4 

0*488 

0*121 

37*6 

0*415 

0*202 

29*8 

0*265 

0*409 

23*6 

0*146 

0*682 

20*6 

0*088 

0*765 

17*4 

0*027 

1*120 

19*6 

0*069 

00 

16*0 

0*000 

Table IV. 

Pressure of ether = 400 mm. 

NO (mm.) 

p mm./sec. x 10* 

(P-Pco)/(Po-Poo) 

0*000 

20*40 

1000 

0*069 

14*16 

0*613 

0*150 

12*96 

0*538 

0*265 

8*96 

0*289 

0*352 

7*00 

0*167 

0*450 

6*48 

0*134 

0*653 

6*52 

0*137 

0*703 

6*00 

0*104 

0*933 

4*84 

0*032 

oo 

4*32 

0*000 
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important result is that the points for all the different ether concentrations 
lie on one single curve. 

This result is strikingly different from that obtained with ethane where 
a series of separate curves are found, the amount of nitric oxide required for 
a given degree of inhibition increasing steadily with the ethane pressure. 
With ethane the course of the curve is determined by the relative probability 
with which a radical is either removed by a molecule of nitric oxide or can 
attack an ethane molecule for the continuation of the chain. The amount 
of nitric oxide required to bring about the same degree of inhibition (i.e. to 
give the same valueof (p—p^lipo—pao)) thus increases as the concentration 
of the ethane increases. Here, however, we find that, whatever the pressure 
of the ether, the amount of nitric oxide required to produce a given degree 
of inhibition is always the same. The removal of the radical by the nitric 
oxide thus appears to be in competition with some reaction, the rate of which 
is quite independent of the concentration of the ether. Since experiments 
with a tube-packed reaction bulb show that the radicals are not to any serious 
extent removed on the surface of the bulb, the only possible reaction of this 
type is a unimolecular dissociation of the radical itself. 

A chain mechanism is required that will take this into account, and we 
find that the only one likely contains just that same process for the normal 
mechanism of chain breaking as was postulated by Rice and Herzfeld 
(1934) to explain the first order nature of the total decomposition. 

The mechanism proposed is as follows: 

( 1 ) C 2 H 6 OC 2 H 6 = CH 3 + CH 2 OC 2 H B 

(2) CH 3 + C 8 H 5 OC 2 H 6 - C a H fl + CH 2 OC 2 H B 

( 3 ) CH 2 OC 2 H 6 - CH S + CH3CHO 

( 4 ) CH 3 + CH 2 OC a H 5 - Product. 

Reaction ( 4 ) is the normal chain prooess. In the presence of nitric oxide 
chain breaking occurs also by the reaction: 

( 5 ) NO 4* CH 2 OC 2 H 6 - Product. 

For the remainder of this discussion, in order to make it more general, the 
large radical, CH a OC 2 H 6 , which is removed by the nitric oxide, will be called 
8, the small radical, CH S , which reacts with the ether, will be called R, and 
the ether will be called A. 

The contrasted behaviour of ethane and ether is due to the faot that in 
the reaction of the former the nitric oxide removes the radical corresponding 
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to R f while in that of the latter it must be assumed to remove the radical 8, 
which does not itself propagate chains until it has suffered a decomposition. 

It is interesting to note that the combination of this heavy radical 8 with 
the small radical R for chain breaking was found necessary by Rice and 
Herzfeld to explain the variation with the pressure of the rate of the unin¬ 
hibited reaction. If this is the predominant method of chain breaking in the 
uninhibited reaction, then the radical R must react with the ether rapidly 
oompared with the rate of decomposition of 8 , and the concentration of 8 
in the system will be large compared with that of R . The nitric oxide, which 
attacks the chain at its most vulnerable point, will thus tend to remove 8 
to a greater extent than it will remove JR, and reaction (5) is more important 
than the corresponding process: 

(6) NO + JS- Product, 

Apparently, however, in the ethane decomposition the radical corresponding 
to R attains an appreciable concentration in the system and chains are 
broken predominantly by the combination of two such radicals, or by the 
removal of one of them by nitric oxide when the latter is present. 

The further development of the theory is as follows, in the stationary 
state: 

d[R)ldt - k t [A) + kj[8] - **[ R) [A] - t 4 f jq [8] « 0, 

d[S]/dt - k x [A) + kJR] [A] - k,[S] - k A [R] [8] - k 6 [S] [NO] = 0. 

Here we have assumed that the rates of dissociation of the diethyl ether, A, 
and of the large radical, 8 , are directly proportional to the first power of 
their concentrations; this is essential if the rate of the chain reaction as a 
whole is to be unimolecular with respect to the ether concentration. 

Prom the above equations we have: 

r di -WNO] + [(i a i fi [NO]) 2 + 8M 4 ( WNO] + 8*1*,)]* 

[R] --—- 4 -p~-• 

In addition to the chain reaction there ia a rearrangement process and 
possibly a surface reaction, the joint rate of which may be written k'f{A). 
The total rate is then 

p = k'f(A) + k z [B][A], 

it being assumed that the chain propagating reaction is proportional to the 
ether and radical concentrations. 

P - Vf(A) + ^ {[(MaCNO])* + SlcMhhm] + 2*,*.)]* -M.[NO]}. 
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When NO = 0 , rate = p 0 

Po = k'f(A) + k ^m i k,k s k l )K 

The rate of the uninhibited chain reaction, [A] (k x k t kjk 4 )* is thus pro¬ 
portional to the first power of the ether pressure, 
is the limiting rate when [NO] is large, then 

= k'f(A), 

and 

, n , ,„ n f , C (* 2 K [NO])* + 8fc a k t (k,k 5 [NO] + 2k ,*,)]* - k 2 fc 5 [NO] 
(P-P*mpo-p«,)= . 4 

= t(a[NO]) 2 + /?[NO] + 1]* - «[NO], (o) 


where a = k^k^^k^k^k^ 

and /? = kJ2kz 

(P~~Pn)!(Po~~P«>) I® th U8 independent of the concentration of the ether. 

In equation (a) the term /?[NO] is found from comparison with the 
experimental results to be very small and so can be neglected in this case. 
The continuous line in fig. 1 is calculated from the equation 

(P-PJKPO-Pcc) « [(a[NO]) 2 + l]t-«[NO]. 

using a - 7-4. 

This mechanism for the chain reaction also explains the variation with the 
ether concentration of the mean chain length. The latter is given by 

nln k’fjAHlAMkikMW 
PolPco ~ k'f(A) 

Staveley and Hinshelwood ( 1936 ) found that the rate of the uninhibited 
reaction, k'f(A)> was of the first order with respect to the ether con¬ 
centration, so that the above expression shows that the mean chain length 
is independent of the ether concentration. 

The difference between the ether and ethane reactions is now quite clear. 
In the latter case the course of the inhibition curve depends on the prob¬ 
ability with which a nitric oxide molecule removes the chain-propagating 
radical before thisreacts witha moleculeof ethane. As we should expect, this 
is dependent upon the ethane concentration. On the other hand, in the former 
case the course of the curve depends upon the probability with which a 
radical, S , is removed by nitric oxide before it dissociates. Since this 
depends only upon the mean life of 8 and the concentration of nitric oxide 
it is understandable why the curve is independent of the ether pressure. 
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The amount of nitric oxide required for half inhibition must be such that 
there is an equal chance for the radical 8 to decompose and to meet a nitric 
oxide molecule. The mean life of 8 is thus comparable with the time between 
its collisions with nitric oxide molecules at the pressure corresponding to 
this point. The amount of nitric oxide required for half inhibition is 0* 1 mm. 
If we identify S with the complex CH a OC 2 H 6 , then its average life is of the 
same order as the time between two collisions that it suffers with nitric oxide 
at 0*1 mm. and 504 °C. which is 1*2x 10~ 6 sec, This value is within the 
possible range for a large complex of this type. 

The author is grateful to Professor Hinshelwood for much valuable advice 
in connexion with this work, 


Summary 

The course of the curves showing the rate of decom position of diethyl ether 
as a function of minute additions of nitric oxide is independent of the 
concentration of diethyl ether. The removal of a radical must thus be in 
competition with some reaction the rate of which is entirely independent of 
the ether concentration. This must be a unimolecular dissociation of the 
radical itself. This is in contrast to the inhibition of the decomposition of 
ethane where the nitric oxide removes a radical which otherwise would have 
reacted with an ethane molecule, A chain mechanism explaining these 
results is the same as that put forward by Rice and Herzfeld (1934) to 
explain the first order nature of the reaction. This mechanism gives an 
expression for the shape of the “inhibition curve” and accounts for the 
variation of the mean chain length with the ether pressure. From the 
amount of nitric oxide required for a given degree of inhibition the average 
life of the radical can be calculated to be of the order of 1*2 x 10~ 6 sec. 
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The posterior probability distributions of the ordinary 
and intraclass correlation coefficients 

By Harold Jeffreys, F.R.S, 

(Received 21 June 1938 ) 

1. The accurate form of the probability distribution of an estimated 
correlation coefficient in a sample, the true correlation being taken as a 
datum, has been given by Fisher in two well-known papers (1915, 1921). 
Pearson and others (1917) have studied the adaptation of the formula, which 
is rather complicated, for numerical work, but a transformation suggested 
by Fisher in his earlier paper and applied in his later one offers great advan¬ 
tages. The present paper deals with the inverse problem: given the estimate 
from a sample, what is the probability distribution of the true value, the 
latter being supposed initially unknown? 

Much of the mathematics of correlation depends on the hypothesis of the 
normal correlation surface. As this is a generalization of the normal law 01 
error for one variable, it is subject to similar criticisms. It can be derived 
from the hypothesis that the two variables considered are subject to a number 
of independent component disturbances, m of which affect both in the same 
sense and n in opposite senses (Jeffreys 1935, pp. 213 - 17 ). If they are all 
equal in amount, then even if m and n are fairly small they lead to a 
good approximation to the normal correlation surface with correlation 
(m-w)/(m + w). We could regard mj(m, + n) as a frequency to be estimated 
from a sample, and such frequencies are taken, in the absence of special 
knowledge, as having their prior probabilities uniformly distributed. The 
idea of the normal correlation surface therefore suggests that we should 
take the prior probability of the correlation coefficient as uniformly dis¬ 
tributed between — 1 and 4-1. 

The intraclass correlation coefficient, also studied by Fisher, arises when 
we have a number of classes of k members each. If there is a component 
variation common to all members of a class, with variance r 2 , and superposed 
on it is a random variation with variance cr' 2 , the ratio of the two can be 
estimated from the ratio of the variation of the class means to that of the 
whole sample. In the case 2, the expectation of the squared difference 
between members of the same pair is 2gt' 2 , between members of different 
pairs 2(<r' a + T a ) * 2<r 2 . By analogy with the simple correlation coefficient 

[ 464 ] 
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we may introduce a correlation p, and if x and y are members of the same 
pair 

E(x — y ) 2 — J 7 (a; 2 )-h E(y*) — 2 E(xy) 

- 2(1 -p)<r\ 

and also =* 2 cr' 2 , 

whence p « r 2 f<r 2 . 

The last relation provides a definition of p even when there are many 
members in each class. For if there are k observations in each group, <r and 
r will retain their meanings, and it would still be a valid procedure to pick 
two members at random out of each group, and for these the same argument 
will hold; thus we can agree always to define p as meaning r 2 /cr 2 , which has 
a meaning independent of the number of groups and of the number of 
observations per group. The intraclass correlation coefficient cannot be 
negative. 

Brunt ( 1931 , p. 171 ), following Kapteyn, analyses the meaning of the 
correlation coefficient in general by regarding m as the number of com¬ 
ponent disturbances common to x and y , while n are independent. The 
correlation p would then be equal to m/(m 4* n), and could be interpreted as 
a ratio to be estimated by sampling, with its prior probability uniformly 
distributed between 0 and 1 . This appears to be a valid analysis of the 
intraclass correlation. Thus in the correlation of height between brothers it 
may be supposed that there is an inherited part common to both, on which 
random differences due to segregation are superposed. Negative values are 
excluded; but if the common components all produced opposite effects on 
x and y we could deal similarly with negative correlations. If it was known 
that all common components either produced effects with the same sign, 
or all with opposite signs, but it was unknown which, we should again have 
the prior probability uniform between — 1 and 4* 1 , and the result would 
become equivalent to mine for simple correlation. The correlation between 
brothers, however, is a typical one, and Brunt's analysis as it stands is 
sufficient. We should therefore expect a close parallel between the ordinary 
and intraclass coefficients. 

The rule suggested is intended as a pure statement of initial ignorance of 
the value of the correlation, in either case, suggested by the idea of the 
conditions for the normal correlation surface to be a valid approximation. 
It is emphatically not asserted that all correlations in the world are uniformly 
distributed in frequency; this would suppose our work finished, and our 
problem is to show how it can begin. Some of the writings even of Pearson 
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(1917, pp. 353 - 60 ) show this confusion. He appears to suppose that the 
uniform distribution of prior probability cannot be used unless previous 
correlations have been found uniformly distributed; but without some way 
of saying how we can proceed from a sample to an estimate of a true value, 
without previous knowledge of the latter, there would be no way of ever 
estimating even one correlation. Deductive logic is inadequate for the 
purpose, and additional rules are necessary. The problem is to state these in 
such a way that they will involve the minimum number of independent 
postulates, be sufficiently general to cover the actual needs of learning from 
experience, and be consistent; but to identify a statement of ignorance with 
one of complete knowledge is to miss the point completely. Most modern 
statisticians, quite correctly, reject the idea of the statement of complete 
knowledge, but unfortunately appear to consider it a requisite of the 
principle of inverse probability, which it is not. Bayes, in his memoir of 
1763 , repeatedly says that the uniform distribution of the prior probability 
of a chance is intended only for the case where we have no previous informa¬ 
tion whatever about what the chance is. Laplace says (1820, Introduction, 
p. 142 ): “The theory of probability is at bottom only good sense reduced 
to calculation; it exhibits with accuracy what reasonable minds feel by a 
kind of instinct, without often being able to describe it to themselves.” 
I can find nothing in the works of the pioneers of the principle of inverse 
probability to suggest that they identified the prior probability with a known 
frequency, and believe that if such an idea had occurred to them they would 
have repudiated it as definitely as I do. The function of a prior probability 
used to express ignorance is simply to express formally the transition from 
an inference about different possible data, given the same hypothesis, to 
one about different hypotheses given the same data, and this transition must 
be made somehow on any theory. It is usually apparently made uncon¬ 
sciously or else made to rest on a prediction of frequency in the long run by 
Bernoulli’s theorem, the application of which is often open to grave suspicion 
since it rests on a dubious postulate of irrelevance. Apart from mere reduction 
of the standard error by multiplying observations, the whole of scientific 
progress reduces to the discovery of cases where Bernoulli’s theorem has 
been found inapplicable. The principle of inverse probability is the only 
method that treats the transition formally and gives a clear statement of 
the information given by a unique and known sample about a definite set 
of hypotheses. 

It is to be expected that the ignorance expressed by the uniform distribu¬ 
tion of prior probability will be partially dispelled by actual determinations, 
and these may legitimately be used to reassess the prior probability to be 
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used at more advanced stages of knowledge; if, for instance, a concentration 
of values about a particular one is found in any subject. But a very strong 
concentration is needed if the correction is to hfctve any important effect on 
the posterior probability when the number of immediately relevant obser¬ 
vations is large enough to give much information by itself. The rule will 
enable us to find out what the particular sample says about the true value; 
other information can be used in addition if there is any, but we cannot 
provide for it in advance. Thus Pearson remarks on the tendency of correla¬ 
tions between brothers to collect about +0*5; that could be taken into 
account now, but it was not known and could not have been taken into 
account when such correlations were first investigated. In meteorology, on 
the other hand, significant correlations seem to be very evenly distributed 
over the whole possible range, and there is little need for revision. Even if 
there is a concentration, it does not provide completely against possible 
exceptions, and a significance test may be needed to decide whether a 
remarkably high or low correlation is consistent with the usual one, before 
we can treat information about the usual one as relevant to it. 

There may, again, be a dominant component variation; in that case the 
whole idea of the normal correlation surface in inapplicable. This is what 
happens in a physical law, where nearly the whole variation of one parameter 
may be linearly related to that of the other, which may have a uniform dis¬ 
tribution within the range of the experiment. But I think that the normal 
correlation surface is a valid approximation in the cases where methods of 
correlation are actually used. The fitting of a linear approximation by least 
squares would represent the opposite extreme. 

2. Interclass correlation. Let us suppose that the variation is represented 
by a normal correlation surface about zero, the probability of a pair of 
observations, given the law, being 


P{dxdy | tr^ph) 


1 r_JL_/x* 

2n<r 1 fT 2 (l—p i ) i exp [_ 2(1—p a )\cr* 


fy^y+yl 

o'jO'j < r \ 



( 1 ) 


Taking <r lt er a , and p as initially unknown, we have 

P(d<r x d<r t dp | h) oc do , l d(r t dpl(r 1 (r t . (2) 

If we have n observations, denoted collectively by 6, we write 

Zx* * ns\, Zy* = n&l, Zxy *» nrs 1 s 2 (3) 


and 

P(6 1 er^fph) oc 


1 I" n ia\ 

(I-^ eXP L- 2 (l -p*j \cr? 


2 r PH a % 
(r \ cr % 
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Then, combining (2) and ( 4 ), we have 


P(dcr l d<T % dp | Oh) 


oc 


-/>»)* 


;® X P 


1 

enwsi 

1— 

2 rpa 1 s t «t\"| 

L 2(1 — p a ) \<rf 

<r\)} 


dcr x d(r 2 dp, ( 5 ) 


To obtain the total probability that p is in a particular range dp we must 
integrate with regard to a x and <r a . Making Fisher’s substitutions 


^1*2 

(T l <r 2 


a; 


= efi, 


( 6 ) 


and dropping factors independent of the unknowns, we have 

/*<X> pco r YIQL *1 

P(dp\ 0 h)a:dp J _ ^ ex I' |--- z - 2 (cosh/?-pr)Jdad^ ( 7 ) 


oc dp 


i 


.ii ■ ^-—dB. 

(cosh/? — pr) n H 


( 8 ) 


A similar integral appears in Fisher’s analysis, which, however, takes <r v <r 2 
and p as given and integrates with regard to s x and s 2 , thus obtaining the 
probability distribution of r given p * His result is equivalent to 

r f *__ _J__ ^ , ‘~ 1 oos -\-pr) 

" Jo (cosh fi-pr) n (n — \)\ d{pr) n -* (l-p*r s )* ’ ' ' 


and Pearson and his collaborators (19x7) give numerous transformations 
of it. I have tried to obtain an asymptotic expansion by putting 

coshyff—pr = (1 — pr)e u , (10) 


whioh should give a result in descending powers of n, but when more than 1 
three terms were wanted the algebra became prohibitive. But if we put, 
instead, 

cosh /?-pr = j", (11) 

the integral transforms to 


r _ 1 f 1 (l-M) n ~ 1 «~*dw 

” ~ 2*(1—pr)"~iJo (1-1(1+pr)tt}t’ 


( 12 ) 


* In previous papers I have used Greek letters for functions of the observations and 
italic ones for quantities to be estimated. The opposite usage is adopted by Fisher, and 
I follow him in this section to avoid confusion in comparison. 
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in which we can expand the denominator in powers of u, and the terms 
give Beta functions on integration. We find 

/ _ (»-!)! ( *»)* fi , 1 l +P r > 1% 32 (I I 

^ ~ <»—i)*(l—» + * » + 2!(» + t)(n + f)\ 8 / 

(13) 

which converges for all pr less than 1 , and the terms diminish rapidly for 
large n. We denote the series by S n (pr). 

Expanding (n— l)!n*/(» —J)! and the series in descending powers of n 
as far as n“ 4 , we find agreement with the formula of the Co-operative Study 
(Pearson 1917 , p. 348, eq. 49). Our result is therefore 

P(dp | Oh) 0 c S n (pr)d.p. (14) 


The series, in spite of the attention paid to it by Pearson and his col¬ 
laborators, does not appear to be very important. 4 ' Even for the extreme 
case of n = 2 and pr = 1 the second term is only 0 - 10 . If any allowance for it 

is needed it could be replaced by exp |~^J, which happens to represent 

the third term closely for n * 2 . But we are interested in the variation of 
the function, since there is an irrelevant constant factor in any case, and the 

Tip _ 

variation will be represented by exp . The displacement of the mode 

by allowance for this term will be of order n ~ 2 and may safely be neglected. 
In (14) we can therefore replace S n by 1 . The mode of (14), to order n~ l , 
is given by 


r-^(l-r’). 


(15) 


The bias shown by the second term is well known. The skewness of the 
distribution, however, is a more serious matter. Fisher deals with it in his 
problem by the substitution 

r«tanhz; p ** tanh£; g*=z+x, (16) 

* I very much doubt whether it is ever worth while to carry the arithmetic beyond 
two places in the standard error. It seems to me that if a decision depends on whether 
the stand&r d error is 1 *0 or 1* 1 it must be doubtful in any case. Hounding to one figure, 
however, is definitely undesirable; the difference between ±0*15 and ± 0*25 m^y be 
very important. 
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Applying this to (14) and introducing a factor to make the expression unity 
for x = 0, we have 

< 17) 

which approaches normality rapidly with increasing n because the factor 
raised to a high power is an even function of x. For large x , however, it 
approaches the median law, and if a Pearson law was fitted it would give 
one of Type IV, or Type VII if the asymmetry was neglected. But all the 
moments of finite order are finite, so that no law of these types could repre¬ 
sent the large departures. The mode for £ is given by 

(n-f 2 ) tanhar-f f tanhz-f (n~ tanhz tanh 2 # ® 0. (18) 

Solving this as a quadratic in tanh x to order n~ % we find 

+ v 5 , 25(2n-~ 1) , 3 

tanh x = - ~ — -—r tanh z - — tanh J z, 

2(/H-2) S(n 4* 2) 3 

whence, since x is small, 

5 r 25(3 w-l)r> 

2(n + 2) ~ 12(» + 2)® ’ 

It may be noticed that for n~ 3 the maximum is at x = — \z exactly, and 
for small r this agrees with the first term. There is no need to allow specially 
for the second, which will always be of order n % , Fisher, for the mode of 
z given £, gets (1915, p. 521) 

< 21 > 

and the same expression, to this order, for the mean (1921, p. 13). (There is 
a misprint in the earlier paper, shown by reference to the previous line.) 
The corrections to 2 differ by a factor 5. In a sense this is not important, 
because a bias of order 1 /»is small compared with the standard error, whioh 
is of order ra - * in ordinary cases. Differences of this order are liable to occur 
in the comparison of direct and inverse methods (Jeffreys 19380), and even 
within the range of the direct methods when there is a question of the best 
way of locating a skew distribution. Before discussing the matter further, 
however, it will be best to remove a difference between my problem and 
Fteher’s. So far I have taken the distribution of {x, y) to be about zero; he 
takes it to be about a pair of unknowns m l and m g , which in my problem 
would also have to be found from the data. If we write 

x' = x-m^, y' = y-m 2 , (22) 

n«f = nsf ® r(y-y)*; nrs^ = £(x-$){y-y), (23) 


( 19 ) 

( 20 ) 
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and take the prior probabilities of m x and m a as uniformly distributed, (1) 
stands, with the introduction of accents in the exponent, and (4) with the 
introduction of a factor 


exp 


[■ 


n 


(m l — x) % 2 p(m 1 — x) (m 2 — #) (m, 


cr 


cr f o\ 


1 17 2 


spa 


(24) 


2 ( 1 -/?*) 1 

(5) then needs the inclusion of dm x dm % on both sides, and of the last factor 
on the right. Integration with regard to m 1 and rn 2 reproduces (5) with 
an extra factor <r t cr s (l -p 2 )*. Further work will therefore give only an 
irrelevant function of n as a factor and replace n in (8) by n — 1. With this 
change the result will be 


P(dp | Oh) oc '-jy—pj- #n-i (pr)dp, 


and in place of (20) we should have 

C-* - 


5r_ 

. 2(n -f 1) 

Now Fisher's result can be written, apart from a constant factor, 


(25) 


(26) 


(1 - /j2\4(n—1) / 1 _ r a\|(»-4) 

P(dr | m v m 2 , <r v <r % , p, h) oc — LL. —Lqj- S n -i(pr) dr, (27) 


and as this is independent of m v m % , <r v cr 2 these may be dropped and the 
left side replaced by P(dr j ph). Also if we take the prior probability of p as 
uniformly distributed, then since for a given sample r and dr are fixed we 
are left with 

P{dp | rh) cc s n-i(pr) dp, (28) 

which is identical with my result (25) except that r appears in the data 
instead of 6. The latter, being the complete data, enable r to be calculated; 
what the result shows is that the data contain no information relevant to p 
that is not contained in the summary value r. This proves, if proof is con¬ 
sidered necessary, that r is a sufficient statistic for p* The relation between 


* In my treatment, the form of (5) shows that s lf s t and r are jointly sufficient 
statistics for <r x , er a and p, since no other functions of the observations occur. The proof 
that 0 X and # a are irrelevant to p is contained in their disappearance from (8), while r 
remains and therefore is a sufficient statistic for p. Analogous results always follow 
from the principle of inverse probability when sufficient statistics exist. There is no 
need to think of a possible statistic and then investigate whether it is sufficient or 
efficient; the principle shows the proper statistics in the course of the work. They are, 
of course, identical with those given by the likelihood, which is the only part of the 
posterior probability that involves the observations. 


voi. cxxvn. A. 


3 o 
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Fisher’s method and mine is exactly analogous to that between “Student’s” 
and mine for the t distribution (Jeffreys 1937 ). The maximum likelihood 
solution obtained from (27) by differentiating with regard to p is identical 
with the point of maximum probability density obtained similarly from (25). 

When we consider a transformation of variables, however, there is a 
difference. To take a more general case, suppose that the probability dis¬ 
tribution for an observed sufficient statistic £, given a true value x , is 

mi a*)(*») 

and that the prior probability of x is uniformly distributed; it will follow that 

P(dx\£h)acM,x)dx, (30) 

since £ and d£ are the same for all values of x. Then the maximum likelihood 
and maximum posterior density for x are both given by 

= (31) 


But if we put £ « g(y) f x = g{y ), (29) leads to 

P(d V \yh)=M,x)^d V , (32) 

dor 

and (30) to P{dy\7jh)(Xif{i,x)-j-dy. (33) 

ay 

The maximum likelihood solution given by (32) is where 


dx d 
dy dx 


/«■*)- 0 , 


(34) 


which is equivalent to (31); but the maximum posterior density for y, as 
given by (33), is where 


dx d 
dy dx 


/(f.x)+g- 0 , 


(35) 


and the two will in general differ by a quantity of order l/«. The invariance 
of the maximum likelihood solution is not, however, much advantage. If 
the relation between x and y is linear, the extra term in (35) vanishes and 
there is no difference. If it is not linear, /(£, x), regarded as a function of x 
or oiy, is skew for at least one of them, and the maximum has no dominating 
importance in comparison with, say, the median. The advantage of the 
posterior probability is that (30) and (33) are the same differential element. 
If they are integrated between corresponding values of x and y they will 
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always give the same result, thus attaching an invariant value to the prob¬ 
ability that x lies between two given values on fixed data* The median and 
the quartiles of the distribution, for instance, are unaltered by trans¬ 
formations. 

The discrepancy between Fisher’s result and mine is therefore only 
apparent and has arisen through the transformation applied to r and p. 
The maxima of (25) and (27) with regard to p are the same, but when we 
transform from p to £ the maximum likelihood is not displaced but the 
maximum posterior density is, on account of the distortion. The trans¬ 
formation has introduced a factor sech 2 £ into (17); if tins was removed we 
should have a function whose maximum was at Fisher’s value. But this 
factor comes from the interpretation of p in terms of an unknown ratio to 
be estimated by sampling, and the uniform distribution of the prior prob¬ 
ability of such a ratio is quite satisfactory. A uniform one for £ would be 
equivalent to dp/(l~ p 2 ) for p, implying a practical certainty that the 
correlation is ±1, which may be approached in some physioal laws but 
hardly in any case where methods of correlation would actually be used. 
There would usually be a dominating variation, and the normal correlation 
surface would cease to be a valid approximation. 

I think that it is of theoretical interest to show how the different invariant 
properties of maximum likelihood and inverse probability are related, in an 
actual case where they are not quite identical, but in practice I should doubt 
whether the difference, where there is any, is ever important in problems 
of estimation. In this case, if the number of observations is large, the 
correction will be small compared with the standard error of £; if the number 
is small but the estimated correlation high, the corrected value will also be 
high; if the number is small and the correlation moderate the result will not 
be of much interest in any case, Fisher’s comments are similar, but he sug¬ 
gests, rather tentatively, that the correction, being systematic, may become 
important when many series are combined. Now the question here is, how 
far are the series mutually relevant? If they are not, we cannot combine 
the evidence. If we go to the other extreme and regard them as cases where 
the correlation will be the same in all, we can write down the likelihood for 
the whole jointly, and it will be the product of those for the separate series. 
If we can take c r v <r a , m x and m % also the same in all series, they can be 
eliminated as before. The data will give a summary value for r ; and the 
displacement of the maximum likelihood solution for £ from it will be 
— r/2 Zn, and that of the mode of the posterior probability — 5r/2 Zn. Thus 
it would be wrong in either case to average the biases; it will become more 
and more accurate to take z without modification as the best value of £. 


30-2 
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If <r x and cr 2 are not the same, e.g. if the correlation between the heights of 
brother and sister is to be estimated from British and Chinese data together, 
they must be eliminated separately. The joint likelihood for r will be the 
product of expressions like (27); and as the number of series combined 
increases the correction x will tend to Fisher’s value. In expressions 
analogous to (17) the factor seeh*£ contributed by the likelihood will 
appear every time, but the sech 2 £ from the prior probability only appears 
once. In intermediate cases there may be doubts as to whether all the 
correlations are identical or not. It would then be legitimate to test them for 
consistency and to combine them if they are consistent and keep them 
separate if they are not. I have given a test ( 1935 ) that will say whether a 
correlation ooeffipient differs significantly from zero. Tests for whether it 
differs from a preassigned value other than zero, or for whether two estimates 
of a correlation are consistent, have not yet been constructed, but their 
construction would involve no new principle. If a number of related cases 
differ significantly, but yet appear to belong to a definite distribution, this 
could be used to assign a revised prior probability for other similar cases; 
but even then allowance for the bias would only make a change of order 1 /n 
in the scale of this distribution, and the whole effect of reassessing the prior 
probability for a new case would also be of order 1 /n, so that the correction 
for bias in previous cases would only produce an effect of order 1 /w 2 in a new 
one. On the whole, therefore, I think that the correction is negligible in all 
cases of practical importance. 

With reference to some examples given by Pearson to illustrate the effects 
of little or much previous knowledge, my comment would be that we must 
distinguish between an assessment based on the sample alone and one based 
on the whole of the previous knowledge. Both have definite meanings; 
but we need not say that the sample is all we know if we have other relevant 
information, and equally if we have other relevant information we must not 
say that we found it out from the sample. If we know so much already that 
the sample can tell us nothing new, we are still entitled to combine the 
evidence and apply the principle of inverse probability, though it becomes 
little more than a mathematical exercise. I should agree with Fisher ( 1921 , 
p. 17) that in such a case it is quite wrong to speak of the conclusions as 
drawn from the sample; they would be drawn from the whole of the available 
experience, of which the sample, in such a case, would be a negligible part. 
To put the matter formally, if h represents the general principles of correla¬ 
tion theory, 6 0 the previous evidence, and 0 the sample under disousssion, 
we must not confuse P(dp \ 6h) with P(dp | @ 0 dh), and with an adequate 
notation we cannot. 
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To obtain an estimate of uncertainty, we may use the expectation of as*, 
since the distribution is nearly normal. Using the substitution 


cosh as = 1/(1 — u), 

neglecting the bias, and retaining two terms of the respective series, 

f" dx (2g)« (n-f)l / 1 \ 

J_coCOsh n_i as (n— 1 )! \ 8 n/’ 


/: 


x l dx (277)* (n —§)! 


C08h n ~* X 


n\ 






(36) 

(37) 

(38) 
(30) 


nearly. In the case where there are two means to be eliminated at the outset, 
this will be replaced by l/(rt —|). Fisher gives lj(n — 3); the difference is 
slight and of the order n~ 2 and of the error due to neglecting the bias. 

Thus where the distribution is centred on zero the solution for £ can be 
taken to be 

^ = 2 ~ 2(n + 2)~{n~ f)* ’ (40) 

and where it is centred on a pair of values to be found the solution is 

5r 1 


2(7*+l) x (n-f)* s 


(41) 


with negligible errors; the second term is usually negligible, and is better 
negleoted if several series with the same standard errors are likely to be 
combined. 


3. The intraclass correlation, coefficient . The estimation of this parameter 
can be considered at the same time as the test that it is different from zero; 
if it passes the test the analysis will yield its posterior probability as a by¬ 
product. The conditions are very similar to those considered in my test for 
the significance of a departure from indej>endenoe in a series of measures 
( 19386 ), when the data are the means and variances in successive groups; 
there being a displacement a,-a derived from a normal law with standard 
error t and common to all members of a group. There will be parameters a 
and s that have meanings on both hypotheses, but a change is needed with 
respect to the additional parameter t that arises on ~£. I took its prior 
probability uniformly distributed from 0 to s ; but p = J 2 /* 2 , and the analogy 
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with sampling suggests that we should now take that of p uniformly dis¬ 
tributed from 0 to 1. Thus if we put t—su, the previous rule was 

P(du | ~q,ah) — du, (1) 


and the present one would be written in either of the forms 

P(dp | ~q, ah) = dp ; P(du | ~q , ah) = 2 udu. (2) 


With this modification the analysis follows that of the previous test, a 
factor 2 u being applied in each equation on ~q. The result will therefore be 


P(~q,du | Oh) cc 


2udu( 1 — {1 + (k — 1) w 2 }l ,n<fc u 

{lT(F-y 2 it- 1 )m 2 } 1, " 1 *~ 1 > 


( 3 ) 


dp (l -p)“ m -«{l + (fc- l)/*}*"**- 1 * 
* {1 + (k-y% - 1 ) 


( 4 ) 


where m is the number of groups, k the number of observations in a group, 
and y the ratio of the mean square deviations of the group means and the 
entire series.* Then \jK is the integral of this from 0 to 1. 

The first two cheeks given previously still apply. If m~l, y 2 = 0, and 
K — l. If y*=l, and again A r =l. The third check analogous to a 
previous one is for the case m = 2, y 2 » 0; then 



I -P 

1 + (k-l)p 



(«) 


which is integrated by the substitution 

(k— l)p = fccos 2 0- 1 , (6) 

P™ 8 (7) 

and K tends to 2k*jn when k is large. The outside factor is therefore of the 
usual order of magnitude for the comparison of two means. Complete 
agreement is not to be expected, because in the comparison of means the 
prior probability of the difference is taken uniform over the possible range, 
while in this problem the means are estimates of two values from a normal 
distribution whose standard error can range from 0 to s, and this must give 
some concentration towards 0 and decrease K, The same criticism applies 
to the use of this check in the previous case. The agreement found was 
accidental, because the comparison case was the test of the difference 
between two means of k observations each with the same standard error, 


♦ There is a misprint in the second index of the numerator in 1938 6 , equation ( 22 ). 
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and the outside factor in this should be (4 &/tt)*, not (2 &/tt)* as I supposed. 
Agreement in order of magnitude is as much as should be expected. 

In the general case the discussion follows previous lines. We put 


kp 

w ™-f.- 

i+(k-i)p’ 


( 8 ) 


_1 _ T 1 k( 1 _ 

~K Jo (1 — l)u>}*' 


When y 2 < 1 /&, A" approaches JA(r« — /«y 2 A — 5) provided this is positive. 
For y 2 = ]/A, K '= kimjn)^; for y 2 > 1/ifc, 


= 


m * Jfc **"*- 1 
2 ^Sr (k- ?"* 


-3 




On putting 

and simplifying, we get 
K 


r s = i + ..r 

' k kjm 

m‘ )fc* / A:^ 2 1 

2 >(fc-iT* exp ( i(fc-i)r 


( 10 ) 

( 11 ) 


( 12 ) 


which should be a good approximation in the range where the test is 
required. 

In a pure problem of estimation we may return to (4), and consider what 
would happen if the variations just reached their expectations. o^ — t 2 
would be the expectation of the variance of k observations from their mean, 
namely s' a ( 1 — 1/A:), r 2 consists of two parts. The t component would give 
fc 8 (I — 1/m). But each value will have a standard error s 'from the s' com¬ 
ponent, and this will give a contribution (&' 2 /k) (1 - 1/m) to the variance 
from the mean. Hence we should have 


k(m - 1) P + s' 2 jk ^ t 2 _ 

m 1) ** o* 2 -r 2 ’ 

and substituting the values of the ratios we should have 

m— 1 l + (fc-l)p^ y 2 
m(fc—1) 1 -p 1 — y 2 

If r is the value of p defined by this equation, we have 

(m —I + y 2 )(&- l)r » {vik — i)y 2 —(m- I). 


(13) 


(14) 


(15) 
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Then 


l + (lc-l)p l + {k-l)r _ m(k- l)y* 

l-p =,e : 1 — r (w»-l)(l-y 4 ) 


e*». 


Bt „ lmx 2keXd£ e”**- 1 * {m(* - 1) + (m - 1) e*}*"**- 1 * 
ndC, I Oh) °c ( k _ J -- | m(jfc _ 1 ) ^ + ( m - i jeiteJKmfc-l) > 


(16) 

(17) 


where the possible values of £ range from 0 to oo. The mode is easily seen to 
be near f — z, provided 2 is positive. A second approximation gives 




mk- 1 


fc- 1-e^ I _ 


mk — 1 


m(m — 1 ) (fc~ l)k— 1 + e to ( 2 n(fc — 1 ) (w — 1 ) 


(18) 


The resemblance of (17), as regards the factors raised to high powers, to 
Fisher’s z distribution may be noticed. The other factors are due to various 
complications, notably the effect of the transformation and the fact that s' 
contributes to the observed value of r 2 ; indeed the need for a significance 
test arises from the fact that it may account for the whole of it.* If (17) was 
integrated from 0 to 00 , it would yield again the function IjK. 

4. The test ( 12 ) is substantially different in appearance from the previous 
one ( 19386 , equation (35)), which contained a factor It is intended 

to deal with different conditions from those contemplated before, but the 
resemblances of the previous problem to the present conditions may be more 
important than the differences. I have no doubt that the present test is 
right when we have to test a series of means that are not arranged in some 
definite order by the conditions of the problem, and these means are 
estimates of group parameters themselves derived from a normal law. If the 
last condition is not satisfied, if, for instance* the group parameters are 
derived from a rectangular law, the change needed would hardly be more 
than a factor of 2,f which is not worth introducing. The previous problem 
was intended to test a series of observations made in a known order for 

♦ Mr W. O. Storer, in an unpublished paper, has applied the present methods to 
the following problem. Given one set of measures derived from the normal law, 
what is the probability that a future set of n t measures, presumed derived from a 
normal law with the same parameters, will give an observed standard deviation in 
the range ds? The result is exactly the z distribution. This case was chosen as an 
illustration of a problem where the complications just mentioned would be absent. 

t I have worked out a rough solution for this case. It is very awkward in appearance, 
but 1— y % enters to a power — m — 2) as above, and the range between the ex¬ 
tremes of % x to a power of m - 3 , As the data enter bo similarly the critical values are 
unlikely to be very different. 
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internal correlation; the fluctuation of the group means suggested an 
analogy with the problem of function-fitting, in which the prior probability 
of an amplitude is taken uniform within the range permitted, and the 
function itself will usually have a limited range. The method of analysis, 
however, made no use of the order of the group means, merely of their 
values, so that the analogy with function-fitting had already been aban¬ 
doned. The actual variation suggested a set of interpolates obtained by 
fitting a polynomial to a set of random values, the comparative constancy 
of the ratio of the extreme range to the mean square deviation of the group 
means suggesting a rectangular distribution rather than a normal one 
(Jeffreys 1938 c, p. 260). The analogy with function-fitting would require 
the function considered to be a highly selected one, not a simple one or one 
suggested by theory, such as we should usually consider in such a test, and 
at the least we should expect a corresponding increase in the outside factor 
to allow for selection. But in testing a function from Am observations K 
would be of order (km )* if the expectation of the amplitude on the hypothesis 
of randomness was just realized; the correct one would be expected to be 
larger. ( 12 ) satisfies this condition; the previous test did not. 

Applying the present test to Pearson’s data, used previously, we get the 
following values of K : 

Bisection Bright line 

1 5x10”* 1 0-21 

2 3 x 10~ 18 * 2 9 x 10” 7 

3 3 x 10” MB 3 9 x 10~ w 

The numbers are changed a little, but the decisions and the comments need 
no change. (Most of the change in the very small values is due to the reten¬ 
tion of k/(k — 1 ) in the last factor.) The test for the first bright line series, 
which gave the largest value of K before, namely 0 090, now gives 0 - 21 ; it 
appears that in spite of the different forms of K they both give nearly the 
same critical value of y 2 . It may be noticed that these series would have 
given 65 or 72 to 1 odds on independence if y 2 had agreed with expectation 
on this hypothesis. 

It may appear that the complication could be avoided if we abandoned 
the rule in function-fitting that the prior probability of an amplitude a is to 
be taken as uniform between ± <?, where s 2 is the expectation of the total 
variance, and replaced it by distributing that of a 2 uniformly; in other 
words if we replaced P{da | ~q t $h) » da/ 2s by P(da \ ~q,ah) ** | a \ dajs^r 
But when we are seriously considering the possibility that a is 0 in a signi¬ 
ficance test it seems undesirable to say that if it is not 0 the probability 
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density at small values is infinitesimal. The effect of such a change would 
be to make the outside factor in K of order n instead of w*, and the ratio of 
an estimate to its standard error at the critical value would vary more 
rapidly with the number of observations than my test gives. It seems better 
to retain the present rule, which is closer to the one used in problems of 
estimation; in any case a rule would be subject to modification if subsequent 
evidence suggested it, but it is at least not obvious that such modification 
is needed yet. 

This kind of internal correlation could hardly be considered as either an 
accidental error or a systematic one in the usual sense. It is not accidental 
because the mean of a batch of 10 errors does give information about the 
mean of the next batch; it is not systematic because the correlation is not 
perfect and the errors may in fact have either sign. The usual distinction is 
far too sharp. The kind of effect that internal correlation may produce may 
be illustrated by two conditions in coin-tossing. Suppose in each case that 
the first throw is random, but that in Case 1 there is such a correlation that 
every throw must repeat the previous throw, and in Case 2 every throw must 
reverse the previous one. Then in Case 1 after 100 throws we have 100 
similar results; on the usual analysis we should say that there was over¬ 
whelming evidence of bias. In Case 2 we should have 50 heads and 50 tails, 
and we should say that the evidence was against bias. Actually in each case 
all that we should be entitled to say is that there is no evidence for or against 
bias, since whether there was bias or not the first throw must give either a 
head or a tail, but if there is any it is likely to be in the sense of the first result. 
This is an extreme case, but serves to show how internal correlation may 
invalidate the usual methods. In Case 2, if we follow the apparent intentions 
of some discussions, the result of the whole series would be taken as evidence 
of the existence of a chance J; but inspection of the results of groups of 
throws arranged in tens would show no variation at all, which is not what a 
law of chance predicts. Alternatively, since the chances of a persistence and 
a repetition in consecutive throws are equal if there is a chance but not if 
there is a correlation, the numbers of persistences and repetitions could be 
used to test the existence of a correlation and would reveal it at once. 

5. I think that the problem of function fitting, when there may be an 
internal correlation, must be analysed as follows, q is the statement that 
there is no internal correlation and that the function suggested is absent, 
but we may consider two alternatives, yq saying that there is an internal 
correlation but no extra function, ~q saying that there is an extra function 
but otherwise no internal correlation. We cannot consider both complica- 
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tions together, since it is quite possible that one may be present without the 
other. But we can work out 

A' - JM. K -Jk\31 

A ^P( 7 q\0hy A « P{ Z q\6h)' 

For the first the present solution is available; for the second, the test for 
function-fitting. If both are more than 1, or if one is less than 1 and the 
other greater than 1, we need go no further. If both are less than 1, we have 
at once 

P( 7 q\&h)IP(~q\dh) = K a IK p 

so that we can consider the departure established that gives the smaller K . 
But now we are at liberty to consider the other afresh; if p is more strongly 
supported than a, that does not dispose of a. Hence if p is the more strongly 
supported we can consider a further alternative ~ a q and test it against 7 q. 
This will be done effectively by regarding the group means as data with an 
initially unknown variance (the rejection of q having implied that the 
variance of the data as a whole is not a datum relevant to the variance of 
the group means) and applying the test for function-fitting to them. 
Conversely if a is the more strongly supported we can allow for it and test 
the corrected group means for a correlation, which may lead to an increase 
in the estimated uncertainty of a if the correlation is established. This 
method has the advantage that it treats internal correlation and function- 
fitting as two separate parts of the problem. It distinguishes at the outset 
between a contribution to an observation that, if known, would determine 
the corresponding contributions for every observation available, and one 
that would give information about neighbouring observations but prac¬ 
tically none about observations separated by, say, a tenth of the total range. 

In the above Case 2, the test for the correlation of successive throws 
would reveal it strongly, while that for bias would deny it; hence we could 
assert correlation at once, and admitting it there would be no evidence 
relevant to bias. In Case 1, the first tests would both give K very small, the 
value for bias being about half that for correlation. Accepting either, the 
evidence would be indecisive in regard to the other. 

If we form y 2 for the group means in the intraclass correlation problem, 
it is 

y 2 ** Sxf ~ <r % jh *= Jcmy 2 , 

the expectation on q being m — 1, Thus when such correlation is suspected 
of having increased the uncertainty of summary values y a contains the same 
information about it as y 2 does. To correct for it we may multiply all the 
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standard errors by xl*J( m ” 1 )> where fn is the number of contributions to x % > 
provided x 2>m * If X 2<m the evidence is against correlation and no 
correction is needed. 

6. The general rules about the prior probability, which have been found 
adequate in all cases that have arisen so far, are as follows: 

(1) For a quantity unrestricted initially in value except for sign, the dajs 
rule; in particular for any case where it is equally natural to take either of 
two different powers of the same quantity as the unknown to be estimated. 

(2) For the number of members of a given type in a population, a chance, 
a correlation, or the coefficient of a function introduced in fitting a series of 
measures, uniform distribution within the range permitted by the conditions 
of the problem. Where several functions arise simultaneously for considera¬ 
tion in a significance test, their coefficients may be regarded as the com¬ 
ponents of a vector, the prior probability distribution of its direction being 
taken as uniform and that of its resultant uniform within the ]>ermitted 
range. 

( 3 ) In significance tests, where there is a serious possibility that a new 
parameter may be zero or well within the standard error of an estimate of it, 
the prior probability that it is zero may be taken as £. When the question is 
whether some one out of a set of m possible parameters is genuine, allowance 
for selection may be made by considering the extreme departure, multi¬ 
plying K by m if the acceptance of one would afford any inductive (not 
decisive) reason for accepting another, and by 14 m if it would afford no 
reason at all (19386). 

The data for the correlation of measures might regarded as an instance 
for the application of the m rule; if there is such a correlation in one series 
it would afford ground for suspecting it, but not for asserting it, in another. 
Thus the smallest value of K should strictly be multiplied by 6. The rule 
for other values can be stated rather more simply than has been done 
before (19386), If r and s are the numbers of values already accepted as 
normal and abnormal respectively, the extra factor needed will be 
(r-f l)/(a + 1). We shall begin with the smallest value of K , and end at the 
pth smallest. But if this is to be the last we shall have 8 = p—l, r =* m —p, 
so that the factor may be written (m— p+ 1 )/p, as was noticed before. But 
this may actually always be used; there is no need to allow for the fact that 
fewer members than m — p have yet been declared normal. It is correct for 
the first test and the last; at intermediate ones it is a little too high, but it 
cannot affect the place where we draw the line between the normal and 
abnormal values. In testing the above set of correlations in turn, we can 
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therefore take m * 6 and p in turn from 1 to 6, giving the factors 6, f, £, 
f, £. The largest value of K is 0*21, and when corrected in this way gives 
P(q | 6h)jP{ ~q | 6k) = 0-035. The odds are therefore about 28 to 1 that 
there is an internal correlation in every series. This method of treatment 
removes the complication that members originally taken as normal might be 
adjudged abnormal in the later stages of the test. 

Summary 

The posterior probabilities of the ordinary and intraclass correlation 
coefficients are obtained from an analogy with sampling theory, suggested 
by the applicability of the normal correlation surface in both cases. The 
results cast some further light on the relation between direct and inverse 
methods in problems of estimation; for practical purposes the recommen¬ 
dations made would not differ appreciably. A significance test is obtained 
for the difference between an intraolaes correlation coefficient and zero, and 
the application to internal correlation in series of measurements is discussed. 
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The ionization formula for an assembly of atoms, ions and electrons in 
thermodynamical equilibrium was first given by M. N. Saha in a series of 
papers (1920a, 19206, 1921) and later extended by Darwin and Fowler (1923) 
and Milne (19216) to include the different excited states of the atom. 
Milne (1921a) and Russel (1922) calculated the equilibrium in the case when 
the electron concentration can be regarded as an independent variable. In 
all these cases, however, the system is supposed to be in thermodynamical 
equilibrium, i.e. the reaction space is supposed to be traversed by radiation 
having the same temperature as the assembly. Let us, however, consider 
the case when radiation traversing an assembly consisting of the neutral 
atom, the ion and the electron is not in temperature equilibrium with the 
components of the system. The problem was attacked by M. N. Saha and 
R. K. Sur (1926), but the correct solution was obtained by Woltjer (1925 a, 
19256) and Milne (1924) for the case of a non-relativistic non-degenerate 
system and was applied by Pannekoek (1926) to the explanation of the 
ionization of the earth’s atmosphere by sunlight. Eddington (1926) in this 
way calculated the ionization in gaseous nebulae for which a more elaborate 
theory has been given later by Ambarzumian (1935). The purpose of the 
present communication is to extend the analysis to such systems in which 
the electrons are degenerate but the atoms and the ions are non-degenerate. 
Such cases occur in the interior of white dwarfs and of the planets as shown 
by D. S. Kothari (1936). 

For the sake of completeness we have derived in §1 the generalized 
ionization formula when the constituents obey any statistics. In §2 the 
ionization in presence of incident radiation of any composition is considered, 
the electrons being supposed to be either degenerate or non-degenerate. 


1. Systems in thermodynamic equilibrium 

For calculating the probability of the system we shall adopt the simplified 
method due to Both© (1928), Majumdar (1931) and Milne {1930). Let A 9 be 

[ 484 ] 
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the number of cells of energy e $i and N 9 the number of particles contained 
in those cells. The probability of such distribution for the system when 
the particles obey any statistics (Fermi-Dirac or Bose-Einstein, but not 
classical) can be written in the generalized form* 

W = TT —_ S&ltL _ (1) 

VHA.-fiN 9 )lYN 9 l' 

where fl should be put equal to +1 for systems obeying Fermi-Dirac 
statistics and — 1 for systems obeying Bose-Einstein statistics. It is 
easy to see that for /? ~ + 1 we get 

(FD ' 

and for /? » — 1 we get 

W = IT (B.E. statistics), 

V 

which is practically identical with the expression inBose-Einstein statistics. 

Suppose any such general system whose probability is expressed by (1) is 
in equilibrium. Then we must have 

8 ( In W) « 0. (2) 

Now with the help of Stirling’s theorem we obtain 

lnTT= l)-fi(A,-fiN g ){\n (A a -fiN a )-l}~N s ( In N a - i)] 

- {A,—fiN t ) — N„\nN a ], 

& 

since / 3 s =* 1 for both statistics. Hence 

01 n W « E[/?W> (A,-pN t ) + - SN a In N a - SN„] 

»S^[ln^P]. * (3) 

For equilibrium this should be equated to zero. 

* The result in this form does not appear to bo stated anywhere. Brillouin ( 1931 , 
p. 168) has stated the result in the form 

Tr _ n 

The form given in the text is, however, found to be more convenient. 
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Let us now consider the single-stage ionization of an atom into an ion 
and an electron. We have 

Atom + U 3* ion + electron, ( 4 ) 

where V is the energy necessary to ionize the atom. The probability of the 
system is 

W-W u .W t .W„ ( 5 ) 

where W a) W if W t , denote the probabilities of the atom, ion and electron 
respectively. 

Consider a unit reaction from right to left as expressed by equation ( 4 ). 
We have 

^4-i-o, 

8 

££ N Bi +1 ~ o, 

a 

= 0 . 

4 

The energy equation for the reaction ( 4 ) is 




From (11) we get 


( 12 ) 
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It can be shown that y = — 1 jkT. Hence 


where 




f a e‘iJ kr +fr 
fa - e-“«, 


or In (l// u ) = a a . 

We can in a similar way deduce expressions for N si and N Hr . 
Combining (10) and (14) we get 

In—~ = —yU, 

J a 

or = e~r u = 


(13) 


(14) 


(15) 


This is the generalized Saha equation for thermodynamical equilibrium 
when the constituents obey any statistics. 

In order to find the value off we utilize equation (13). The number A s of 
cells having the energy between e 8 and e M + de 8 is given by the relation 


a _ Vg.2n(2m)*e\de B 
A8 


(16) 


since the total phase volume at the disposal of the particles of energy between 
e 9 and e 8 + de H is equal to 


j jjdxdydzjj jdpxdpydpz « F. 2n{2m) i e* de 8 , 


and the volume of each cell is h 3 , g denotes the quantum weight of the 
particle and hence the foregoing expression for phase volume has been 
multiplied by g in equation (16). Thus we obtain from (13) 

„ V g .2n{2m)* e\de 9 

S ‘~ hP(ft«* f +pj ' 


Or the number of particles per c.c. in that energy interval is given by 

2ng(2m)* e'de, 

‘ = hHf#**+fl) • 


17) 


Henoe the total number of particles per c.o. is given by 
„ _ 2ng(2mf f” e\de, 

—p—J ,/s^' 


(18) 


Vo!. CLXVIL A. 


3* 
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For f pi (i.e. non-degenerate systems) (18)yields*as a first approxima¬ 
tion the result 

..isgti-Vn, it, 

h J 


or 


/- 


g(2nmkT)t 
—^ 3 —approx. 


(19) 


For /< 1 (i.e. systems degenerate in the sense of Fermi-Dirac statistics) 
we obtain, following Sommerfeld’s method, the approximate result 


or 




h 2 

2m^ appr ° X - 


( 20 ) 


When all the constituents are non-degenerate we can substitute the 
value of / from (19) in (15) and we get the usual Saha formula. When the 
electrons are degenerate but the atom and the ion are non-degenerate we 
get 


Wa/e/Eq. 9a 

where f e is given by ( 20 ). 


( 21 ) 


2. Assembly and radiation not in thermodynamic equilibrium 

We shall now consider the system 

Atom + radiation +* ion 4 - electron ( 22 ) 

and assume that it is traversed by radiation of any composition and inten¬ 
sity. Further, suppose that the electrons may be degenerate or non¬ 
degenerate while the atoms and the ions are non-degenerate. 

We shall adopt the method based on the kinetic theory of gases first given 
by E. A. Milne ( 1924 ) for solving such problems. 

Let n a *= number of neutral atoms per c.o. moving with velocity v a , 
n i = number of positive ions per c.c. moving with velocity v f , 
n t = number of free electrons per c.c. moving with velocity v e . 

* For the deduction see Saha and Srivastava ( 1935 , p. 766). 
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Let this assembly be traversed by radiation coming in a small solid angle 
Si and suppose that this radiation is a function of the direction. Thus if 
I(v t d, <j>) denotes the specific intensity of radiation of frequency v coming 
in the direction 0 , <fi t the total radiation of this frequency is 

J(v) = J/(p, 0 , (}>)da), (23) 

where du> denotes the elementary solid angle. 

When a quantum of radiation falls on a neutral atom we have from the 
law of conservation of energy 

hv + \m a v* = hv 0 + r? + \m e v*, (24) 

where v 0 is the frequency which is just able to ionize the atom and m (l 
denote the masses of the neutral atom, the ionized atom and the electron 
respectively. We are considering the non-relativistic case, but we shall 
assume that the electrons may be degenerate or non-degenerate. Now the 
atoms and the ions, being heavy, will be slow-moving in comparison with the 
free electrons. We can therefore, to a sufficient degree of approximation, 
neglect the velocity of the atom and of the ion. Equation (24) then yields 

hv*=hv 0 +lm e v*. (26) 

Consider a small element of volume dV of this assembly and suppose it is 
traversed by this radiation pencil. The number of acts of ionization in this 
volume element dV in unit time will be given by,the expression 

n a <j>(v a )dv a dV.J(v)di'.iJr'*(i',v a ,v i ,V')ll-fiNJA,]', (26) 

where n a <f>(v„)dv a dV is the number of atoms whose velocity lies within the 
range v a , v a + dv a , \[r*(v,v,„ v t , v t ) is the probability that a quantum of light 
on collision with an atom will ionize it according to equation (24), and 
[ 1 — fiN t jA,\ is the probability that an electron can find a cell A, with energy 
corresponding to v r vacant. For the electron system /? = 1 as it obeys 
Fermi-Dirao statistics. 

To find NJA n we must know the law of distribution of energy among the 
electrons. As the assembly is not in thermodynamic equilibrium and the 
incident radiation has any arbitrary composition, the distribution in the 
steady state will not correspond accurately to any temperature. We shall, 
however, assume that the distribution corresponds to the temperature T 
determined by the translational energy of the electrons so that it is given 
by (13), where T may be called the effective temperature of the assembly. 


31-2 
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With this approximation (26) reduces to 
n a <t>(v ( i)dv a dV. J {v)dv. jr*(v, v a ,v t , v e ) [— 

D f e w»--vjikr -i 

e*o^ y fe ' r ' + ' i j from (26) 

D fM-^IkT “I 
V&= ®kT + i\ e ’ 


(27) 


where 


/* oo 

fiy) = I o f*iy,V a ,v { ,v c ).<f>{v a )dv a 
/*00 

= I V a ).<j>(v a )dv a . 


We have neglected v. (i v e in r/rf , since v ti = v a and v e is a function of v. 

Let us now calculate the number of acts of recombination. This is pro¬ 
portional to the number of collisions between positive ions and electrons. 
Consider positive ions moving with velocities lying between v i and v i + dv { 
and electrons having velocities within the range v e and v e + dv e . In unit 
volume the number of ions of this type is d%) t and the number of such 

electrons is n e <f>(v c ) dv ei where <j> denotes the distribution function. 

The number of collisions in unit volume per second between these ions 
on the one hand and the electrons on the other can be shown from kinetic 
theory methods to be given by 

n { n e ^(Vi) dv { dv e . <rW r cos d . 2 n sin Odd , 

where <r = collision radius of the ion, V r = relative velocity of approach, and 
6 wangle between the directions of the two velocities. 

In this particular case the ions move very slowly in comparison with the 
electrons, hence V r is very nearly equal to v e . We shall drop the suffix e and 
denote by v the velocity of the electron. 

The total number of collisions in the volume element dV between ions of 
any velocity from 0 to oo and electrons having velocities lying in the range v 
and v + dv for all angles of approach is given by 


smce 


riin^v,) <f>(v) dVfdvdV. <r* v ooa d. 2 rr sin Odd 

0 J&~Q 

= nnin^^dv^vdV, (28) 
I n ( 4 >(v ( )dv ( = n t . 
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But every one of these collisions does not result in a capture, We write 
the probability of capture in the form 

A(v) + J(v)ji{v), 

the second factor being due to stimulated emission as postulated by Einstein. 
Hence the number of recombinations becomes 

dvdV. arh)[X{v) 4- J(p) fi(v )] 

» 7 rn { n e <j>(v) dvdV. v[F(v) 4- J(v) G(v )], ( 29 ) 

where we have put 

<r 2 [A(u) + J(v)/i(v)] = F(v) + J{v)G(v). 

In ( 29 ) we have to substitute the value of <p{v) y the distribution law for the 
electrons as given by ( 17 ). Since 

e s = \mv 2 and de 8 = mvdv , 

we get in place of ( 17 ) the relation 

n e<f>(v) dv - 4t r^(~) ‘ (30) 

Thus ( 29 ) gives for the number of acts of recombination the expression 

™i ■ 4 [F(V}+J{v) °W dV - < 31 ) 

In order to form a clear picture of the problem we shall take an example. 
Suppose the system is traversed by black-body radiation at temperature T 8 
coming in a narrow pencil of solid angle Q y and assume that T 9 is higher 
than the temperature of the assembly. In this case the quanta emitted by 
the assembly (due to recombination of ion and electron) will on the average 
have less energy than the quanta absorbed and therefore they will be of 
lower frequency. This is evident from the relation 

+ hv 0 «= hv' f 

where v’ denotes the frequency of the quanta emitted as a result of recom¬ 
bination. Now on the average will correspond to the mean energy at 
the temperature of the assembly and will be less than the value when the 
assembly is at the same temperature as the radiation, in which case the 
quanta emitted on account of recombination have the frequency v . Hence 
v>v\ It is evident therefore that there can be no detailed balancing for 
quanta of every frequency in the case we are considering. The principle of 
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detailed balancing will, however, hold when the radiation and the assembly 
have the same temperature. 

In general, therefore, there is no detailed balancing as regards separate 
frequency regions, but the total number of acts of ionization always equals 
the total number of acts of recombination, since in the steady state the 
number of atoms or ions in the assembly must remain constant. The state of 
affairs can be well depicted by means of the curves shown in fig. 1, where the 
curve* R gives the number of acts of recombination and the curve I the 



Fiq, L 

* Curve M is represented by the relation (see equation (37)) 

n iga {Wlc' + J (v)m V )dv _ -fe 2 h 

g, 1 ~ T 6 6 

obtained for the non-degenerate case by utilizing equations (40) and (35) and 
simplifying (40) in the manner employed in simplifying equation (41), Curve / is 
given by the relation 

n 3 J(v) dv. = n'~C e -W*T,dv.a. 

We have neglected the self-radiation of the gas doming from the different directions. 
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number of acts of ionization, The curves are drawn for the case when T 9 
is 2000° K., T the temperature of the assembly in the steady state is assumed 
to be 1000 °K. and hvjk « 4 x 10 4 . \]r(v) has been assumed to be zero for 
v<v§ and equal to Cr 3 for v> v Q (vide infra). Both curves indicate zero 
value for v< v 0 , have a maximum for v^v Q} and then decay exponentially, 
the rate of decay in the ionization curve being much slower than in the 
recombination curve. The area enclosed between the curve and the x-axis 
is the same for both curves, since the total number of acts of ionization is 
equal to the total number of acts of recombination. When the temperatures 
of the radiation and the assembly are the same, the two curves will eoinoide. 

Equating the total number of acts of both these types we get 


nj J(v)dv.}jr(v) 


f e h(y-vo)ikT 


f e Hv~v 0 )lkT + ij 

i 

( ffl \ 

L 3 f 

= n i9t\ 

Jh 

| A»*j 

i 

{ fyi\ 

i 2 f 

= 

Chj 

^ . 47r 2 J 


v 3 [F(v) -|- J(v) (?(r)] dv 

f(>\mi*jkT l 

v 2 [F(v) -f J (v) Q(v )] dv 

J‘eh(v-i' 0 )(kf _|_ I 


( 32 ) 


since 


dv 



mv 


Now consider for a moment the case of thermodynamical equilibrium 
with isotropic radiation at the same temperature as the assembly. In this 
case there is detailed balancing and hence for every frequency we should 
have 

K] E q. ^ . W)\jssrzs&-Ti] 


r_ i „l™\ Z A„2„A F ( v ) + i 7 T B(v) 0 (v)]dv /oos 
4n v - JZ&55IEF+1 -' < 33 ' 


where B(v) gives the specific intensity for the case of thermodynamical 
equilibrium and is given by Planck’s law for the temperature T of the 
assembly. 

Equation ( 33 ) yields 

- )*WTO + 4nB(v) <?(»)]. (34) 
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From (21) the ionization formula for thermodynamical equilibrium is 

9i 




e hv^kT 

Eq. 9a 


(35) 


Substituting this value of the equilibrium concentrations in (34) we get 

4nB(v) .i/r(v) e'“' lkT = in*v\F(v) + 4nB(v) G(t>)]. 

9a \* 1 / 


Or 4nB(v) = 

Now from Planck’s law 

Hence on comparing we get 


9 i9 f j 
9a ' 

'm' 

K hj 

| 47T 2 V 2 jP(v) 

^r(^) e hi>lkT 

9i9t | 

1*1 

| 47r 2 v 2 G(t;) 


B(p) 


2hv a /c* 
e h»/kT _ 1 - 


4n i V 2 G(v) = 


9i9e( m \ 

la W 

( m Y a « i Dl v tinhv* ,, . 

(x) 4n v F Y) = — 


gig, 


(36) 


Or 

Therefore 


F(v) SttAv 3 
(?(vj c 2 


’ {Hnhv*/c 2 + J (v)}^(r) dv 


4nW [F(v) + J(p) 0(v)] = & + /(»-)] vHr). 

Substituting this in the general equation (32) for equilibrium we get 

I' 

T 

J y. 

With the help of (35) this yields 


feMr-yJIkT 


Or 


n { = g f J„ ~ ' f ' , f e n(p~vjikTj r ! 
n„ = gr 0 f*{8jrAi' 8 /c a + «/(»>)} ^(v)di> 

f e Mv-y*)ikT + j 


(37) 


(38) 


\ 


J(v)dv.f{p)- 


fhvtkT 

f e M^ikf + j 

Kq. f 00 {&irhi*/c , + J(v)}#(v)dp 
f e My->,)ikr + i 


J 4 O 0 

J 

/* 00 

1 


(39) 



Influence of radiation on ionization equilibrium 495 

This is the general formula giving the ionization when radiation of any kind 
is traversing the assembly, the electrons being supposed to obey Fermi- 
Dirac statistics. We shall now consider a few special cases. 


Case 1. Electrons are non-degenerate, i.e. /> 1. Equation (39) then 
reduces to 


n± 

Kf 



\ 

f \Jr(v)J{v)dv 

Wh 

*J 

j \(r{v) {SttA^/c 2 + J(p)} e~M kT dv 

' Vt 


But/is given by (19), hence we get 


n 


i^e = l n i n e\ 

K a l Ka /Kq. 


f \jr(v)J{v)dv 
J»o _ 


* f {#nhv*lc 2 + J(v)} e~ hv < kT dv 
J v o 

which is the Woltjer-Milne formula. 


(40) 


Case 2. Electrons are degenerate, i.e./<^ 1. 

In this case / is given by (20) and 2. Hence equation (39) yields 


!!l e 2 m*r 


h> /3n#\* 
nkT V Sir / . 


e <» q hulk T 

L n a J Eq . f°° {^nhv^jc 2 +J(v)} f(v]diT 

J y« 


(41) 


fehiv-vJ/kT + J 


This equation cannot be integrated unless the function \(r(v) is known. 
But; fr(v) has been calculated only for the H-atom; in general, however, it is 
a good approximation to put \Jr(v) = GV 3 . Further suppose that the incident 
radiation is coming in a small solid angle Q from a black-body source at a 
higher temperature T $ and is uniform in that solid angle.* Then 


2 hv* Si 

d{y) * -pr e i»ikT;z7i 


2 hv* 
~c*~ 


e-wr*S2, 


since e^ kT * > 1, as we are dealing with frequencies greater than v 0 . Also for 
the same reason J{v) %nhv*lc*. 


* We are here neglecting the radiation coming from the other portions of the gas 
itself. 
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Hence the ratio of the integrands on the right-hand side of equation (41) 
beoomes 

' f* e fc Vr T./dv 


r x ‘2hv 9 

J, IT' 

n MkTA v 

«-hvlkT. n ...... € 1_ _ 

+ 1 

% 

87rA^* u , 

— r“*~v dv 
c 2 


D 


00 

J 


dv 


(42) 


f e h( V -»J!kT + l 


Qj4m is called the dilution factor W . 

Let us put u = h(v— v 0 )jkT\ 

then du * hdvjkT . 

Expression (42) then becomes 


W 


/c u + 1 


r. 


du 


(43) 


i) 


(44) 


f o fe u + 1 

The method of evaluating such integrals has been discussed at length by 
Sommerfeld ( 1928 ). He has shown that the integral 

f°° du d<j>(u) 

Jo + 1 du 

as a first approximation, where u Q «In (1 If) and $(u) is such that it vanishes 
for u « 0 . Using this result (43) yields 

JFefcrO-F.) QcO-r,) "rf M+ const. jy 1~J 

[m +const.] u- „ o ” u 0 L 1-* J* 

since the constants have to be so determined that the function within the 
brackets [] is zero for u**Q, T/T H has been put equal to x. Substituting 
u 0 * In (1 //) the expression beoomes 

(l//) 1 -* — 1 

Mi//) ' i-* • 

Hence equation (41) for ionization beoomes 


, / w ( \ 

n a f \n a f/ Sq .( 


wX^~ x) 


*Bq.(l — *)ln(l//) 

where x =*> TjT, and / is given by ( 20 ). 


[(I//) 1 -*-!], 


(45) 
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It is easy to see that if x «= 1, the multiplying factor in (45) reduces to W as 
it should be since we have assumed that no radiation comes from other 
directions. 

For values of x not very near 1 equation (45) yields, since/< 1, 




W (li) _ 

\ n «//Eq, (V/) X 


hv o 


e kT 




(l-x)ln(I //) 


W 


9a _ 


(!//)*(! — *)ln(l//)* 


(46) 


For 1 //-> oo the right-hand side tends to zero, indicating that the ionization 
will be negligible for a highly degenerate system. The degenerate electrons 
therefore appear to act like a screen tending to diminish the ionization of the 
atom even when it is acted on by incident radiation at a higher temperature. 

As an illustration, suppose the gas is illuminated by a distant star of 
temperature T 8 and radius r and the distance between the star and the gas is 
R r In this case W ~f3/47r = r 2 /4i? 2 and the ionization is given by (46), where 
x = T/Tg. 

So far we have assumed that the system is at the temperature T while it 
is exposed to radiation at the temperature T s , but we have not enquired as 
to what this T will be. Evidently in the steady state T will depend upon 
In order to calculate the actual value of T we have to make some 
assumption regarding the electronic free path. If it is assumed that the 
expelled electrons remain free for a sufficient time so that most of them 
acquire a Fermi-Dirac velocity distribution as a result of collisions, and that 
the diffuse radiation from the gas corresponds to the temperature T, it 
can be shown* that 


T « 


ln(l-e-W) 
*ln(l-e-Wfcr) • 


(47) 


From this we have approximately 


T,-T 
T ' 


SS3 


W 0 l MTIWT.). 


(48) 


Thus knowing T 8 , v 0 and W we can calculate T. This may be used in 
equation (46) to give the ionization. Thus we get 


V /3n A* 





h' /3n e V 

1 V 

] 2mkT\8nJ 


w^e- 

ffa 


totikT, 


where T is given by (48). 

* See Bosseland ( 1936 , p. 322) for a deduction of this result. 
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In this paper we have considered the modification of the Woltjer-Milne 
formula when only one of the products of ionization, viz* the electron, 
behaves as a degenerate gas. In case the neutral atom or the ionized atom 
also behave as degenerate gases the formula will require further modifica¬ 
tion. 

It is a pleasure to record my sincere thanks to Professor M. N. Saha, F.R.S., 
for his kind interest in this work and to Dr D. S. Kothari for a discussion of 
the problem. 


Summary 

The generalized ionization formula in the case of thermodynamical 
equilibrium for an assembly consisting of atoms, ions, electrons and radia¬ 
tion is derived, the particles being supposed to obey any statistics. 

The ionization produced in matter has been found for the case when the 
reaction space is traversed by radiation at a higher temperature. The 
electrons have been assumed to obey F.D. statistics, while the atom and the 
ion are taken to obey Boltzmann (classical) statistics. The general ionization 
formula for this case is derived and two limiting cases discussed. The 
Woltjer-Milne formula for ionization in any radiation field is readily obtained 
as a special case of the general formula. The ionization formula for the case 
when the electrons behave as a degenerate gas is also deduced from the 
general formula. On substituting the usual expression for the probability 
of ionization, viz. ijr = CV~ a , it is found that the ionization becomes much less 
when the electrons are highly degenerate. 
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Investigation into the relation of shower frequency 
to general cosmic-ray intensity 

By L. JAnossy* 

{Communicated by P. M. 8. Blackett , F.R.8 .— 

Received 12 Ajrril 1938, Revised 8 June 1938) 

1. Introduction 

Follett and Crawshaw ( 1936 ) have compared the transition curve of 
showers from lead at sea-level and under 30 m. of clay ( 00 m. water equiva¬ 
lent) and find that the number of showers decreases about in the same ratio 
as the vertical intensity. Other measurements of the showers below sea-level 
have been made by Clay and Clay ( 1935 ), Auger and Rosenberg ( 1935 ), 
Ehmert (1937 a, b)> Wilson ( 1938 ) and by Pickering ( 1935 , 1937 ). 

The purpose of the w ork described in this paper was to in vestigate how the 
form of the shower transition curves at the two levels (i.e. sea-level and under 
30 m. of clay) depends on the presence of large masses of light material 
(e.g. stone) over the lead absorber producing the showers. Drigo ( 1935 ) and 
Auger, Leprince-Ringuet and Ehrenfest ( 1936 ) had previously shown that at 
sea-level the presence of such light materials greatly reduces the number of 
showers and also alters the shape of the transition curve. Thus to get com¬ 
parable results at the two levels it is necessary to use similar distributions of 
dense matter over the counting set. In the work of Follett and Crawshaw 
this was not the case. 

The sea-level results were obtained under a light roof, but the underground 
measurements were necessarily made fairly close under the solid clay above 

♦ John Harling Fellow in Physios, 1938 . 
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the tunnel. It seemed therefore desirable to investigate whether the pro¬ 
portionality found between the shower frequency and the vertical intensity 
was really significant, or whether it was only due to the particular geometrical 
conditions. 


2. The experimental method and the results 

The measurements were made with the pentagonal quintuple arrange¬ 
ment already described by Follett and Crawshaw ( 1936 ) and Hu ( 1937 ). The 
counters used had dimensions 30 x 2 cm. and the lead absorber to produce 
the showers was placed in a semicircle close around the five counters. With 
this arrangement the transition curve was determined under the following 
conditions: 

Table I 


Experiment Location 

Material over lead 

Transition curve 

1 

Sea-level 

[ Light roof 

Fig. 2, curve 1 

2 

(under a light roof) 

. 30 cm. of stone of density 2*4 

Fig. 2, curve 2 

3 


[lOO cm. of stone 

Fig. 2. curve 3 

4 

Holborn Tube 

f 3 m. below solid roof 

Fig. 3, curve 1 

5 

Station 

\ 100 cm. of stone 

Fig. 3, curve 2 


The relative vertical intensities observed with triple coincidences between 
three counters in the same vertical plane were: 

Table II 

Sea-level 16*6 

Sea-level \ 4 

+ 1 m. stone/ 

Tube station TO 

The counter arrangement and the relative position of the lead and the stone 
are shown in fig. 1 . 




• • 


11 iii t 
0 10 20 
cm. 


Fig. 1. The experimental arrangement. 
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Comparing the three sea-level curves of fig. 2, we see that the effect of 
placing dense material of low atomic number over the apparatus is to pro¬ 
duce (a) an increase of the recorded shower frequency for small thicknesses of 
lead, (6) a reduction of the maximum frequency, (c) a shift of the maximum 
to lower thicknesses of lead. 



cm. Pb 

The shower transition curve. I. tinder a light roof. II. tinder 30 cm. stone. 

III. Under 300 cm. stone. 

Fig, 2. The influence of light material above the lead on the shower transition curve 
* at sea-level. 



cm. Pb 

Transition curve, I. Under 30 m. of clay and 3 m. below the solid roof. II. Under 
60 m. of clay and 1 m. stone close above the lead. 

Fio. 3. Shower transition curves under 30 m. of clay. 
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Similar results have been reported by other workers. Drigo ( 1935 ) found 
that a layer of light material of mass 270g,/cm. 2 over the lead absorber 
reduced the intensity of the maximum to about a quarter of its value with no 
light material, and that the curve remained nearly constant for greater 
thicknesses of lead. The difference between Drigo’s result and that in fig. 2 
lies probably in the fact that Drigo’s counter arrangement recorded two 
simultaneous rays, while our arrangement recorded only showers of three 
or more rays, and so excluded ordinary secondaries. Auger, Leprince- 
Ringuet and Ehrenfest ( 1936 ) observed a similar effect at a height of 3500 m. 
above sea-level by comparing the transition curve obtained under a heavy 
cement roof with that in free air. 

3. Discussion of the results 

Fig. 4 shows the results of Exps. 2 and 5 (transition curve at sea-level and 
underground) plotted together. The ordinates of the underground curve 
have all been increased in the ratio ( 1 : 10 * 0 ) of the vertical intensities. Since 
the difference between the two curves is hardly outside the experimental 
error, it can be concluded that, for thicknesses of lead less than 4 cm., the 
transition curve 2 found under a light roof at sea-level is nearly the same 
shape as the curve obtained underground at a distance of 3 m. below the 
solid roof. 



Tliioknese of lead 

I. 5ea level. II. Under 30 m. clay. Observed values multiplied by 10*6. 

Fig. 4. Relative shower intensity at sea-level and underground with no dense 

material close above the lead. 

Although, unfortunately, in our experiment the sea-level transition was 
not observed for thicknesses of lead greater than 4 cm., many other investi¬ 
gations have been made with much greater thicknesses. The data of 
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Schwegler (1935) have been used to give the probable continuation (shown 
dotted) of the sea-level transition curve I, fig. 4 , The tail of the transition 
curve at sea-level is probably well below the corresponding part of the 
underground curve. 

We therefore conclude from fig. 4 that the intensity of the showers for 
lead less than 4 cm. thick is proportional to the vertical intensity, but that 
showers from greater thicknesses of lead are relatively more frequent 
underground. 



Thickness of lead 

I. Sea level. II. Under 30 rn. of clay. Observed values multiplied by 13*4. 

Fig. 5. Relative shower intensities at sea-level and underground with 1 m. stone 

close above tho lead. 

A rather similar conclusion can be drawn from fig. 5 , where the results of 
Exps. 3 and 5 at the two levels, both with 1 m. stone close above the lead, are 
plotted together; the ordinates of the former curve have been increased in 
the ratio ( 1 : 13 * 4 ) of the vertical intensities. Here the relative shower 
intensity at both levels is the same for thicknesses of lead up to 1cm., but 
the relative number of showers from greater thicknesses of lead is con¬ 
siderably greater underground. 

It may be mentioned that we now have an explanation of the apparent 
contradiction between the measurements of Clay and Clay (1935) and those 
of Ehmert (1937a, 6): Clay and Clay found that the shower intensity under 
2-300 m. of water was proportional to the recorded general intensity, while 
Ehmert found that the shower frequency increased relatively with depth. 
But as Clay and Clay observed the shower intensity produced in 0*6 cm. 
Fe 4-1*2 cm. Pb, they measured the showers producing the maximum of 
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the transition curve, whereas Ehmert used 5 cm. Pb for producing showers, 
and so observed the shower frequency in the tail. 

The underground transition curves, fig. 3 , show a maximum at about 2 cm. 
of lead. Follett and Crawshaw (1936) and Auger and Rosenberg (1935) did 
not find a maximum but observed a flat transition curve. The difference 
between their observations and ours is probably due to the different experi¬ 
mental arrangements. We placed the lead close around the counters, whereas 
Follett and Crawshaw used the lead at a distance of 2*5 cm. from the 
counters. So we measured showers of larger angular spread than Follett and 
Crawshaw. That the maximum in our transition curve is indeed due to the 
larger angular spread is supported by measurements of Hu (1937) and of 
Schmeisser and Bothe (1938) at sea-level, and Auger, Ehrenfest and Fr6on 
(1936) at high altitudes, which show that the maximum is less pronounced 
for showers of small than for those of wide angular spread. The zero effect in 
our observations seems to be higher than that observed by Auger and 
Rosenberg (1935). Since our apparatus was placed in an iron hut (approxi¬ 
mately 2 mm. wall thickness) our zero count may be due to showers emerging 
from the walls of the hut. 

The presence of solid material of low atomic number above the apparatus 
may influence the number of showers and the shape of the transition curve 
in three main ways. 


(a) Density transition effect 

Even if the material (density p 2 ) above the apparatus were of the same 
atomic constitution as air (density p x ) so that only a change of density 
was involved, one still would expect a marked effect on the recorded 
number of showers, owing to the fact that showers have a finite angular 
spread. The particles from air which are recorded by the counters have 
their origin at a distance pjpx times farther away than those from stone, 
and so the showers from air are spread over a correspondingly larger area; 
thus the chanoe that an air shower will be recorded by the counting set is 
relatively small. It will be noticed that the number of showers recorded 
under no lead and no stone at sea-level is in fact very small. 

Further, the change of density can have the effect of smoothing out the 
maximum of the transition curve (figs. 2 and 3 ). This can be seen by the 
following consideration: the number of secondary electrons reaching the 
lead absorber is the same for any density of the material above it, provided 
the total absorption is the same. But in the case of air above the lead the 
electrons mostly enter singly and each electron produces one small shower. 
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On the other hand, if stone is above the lead, simultaneous groups of elec¬ 
trons must enter the lead and will so produce together one large shower. 

Hence for thicknesses of lead near the optimum value, we may expect in 
air a large number of relatively small showers due to single electrons, while 
under stone we may expect a smaller number of larger showers due to 
associated electrons. This is presumably the main origin of the large decrease 
of the number of recorded showers when stone is placed above the lead. 
A similar argument is given by Auger and Grivet-Meyer (1936). 

It is clear that the degree of association of the rays will effect the recorded 
number of showers differently according as to whether the rays associated 
are of high or low energy. For in the case of high-energy rays, each single 
ray will produce (e.g. in the optimum thickness of absorber) so large a shower 
that the chance of its being recorded is nearly unity. Thus the association of 
several such rays can only have the effect that some showers will not be 
observed. On the other hand, in case of small showers there are some showers 
lost by association, but other showers which would not have been observed 
singly will now be observed when associated. So the decrease in number will 
be less for small than for large showers—it is even probable that the recorded 
number of sufficiently small showers increases by association. 

It follows that an increased degree of association brought about by, say, 
the presence of dense material over the apparatus will bring the low-energy 
rays into relatively greater prominence than those of high energy. This 
may be the origin of the shift of the maximum of the transition curve to 
smaller thicknesses of lead, fig. 2. 

The observations show that the process of association has no large effect 
on the first slope of the transition curve. 

(6) Atomic number transition effect 

This effect depends on the change of Z and would be expected even if the 
shower particles had no angular spread. Since the material used (stone) had 
a mean value of Z of about 15 , its influence could be expected to be more like 
that of air, Z — 7 * 2 , than that of a heavy element, e.g. lead (Z « 82 ). and so 
no large transition effect of this ty pe is to be expected for the transition air to 
stone. 

Bhabha (193 8) has suggested that showers associated with the penetrating 
component consist of cascade showers produced by electrons set in motion 
by the close collision of heavy electrons. The number of such collisions is 
proportional to Z. The secondary electrons produced by these collisions give 
rise to cascade showers with a mean range proportional to I jZ z . If there is 
equilibrium between the heavy particles and their secondaries, the frequency 

32‘2 
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of simultaneous groups of electrons (i.e. cascade showers) emerging from a 
material with the atomic number Z is roughly proportional to Z . 1 jZ % - 1 jZ. 
Thus the number of showers decreases with Z, but their size increases. The 
numerical calculations of Bhabha show that the total number of electrons in 
lead should be about twice that in air or water. 

(c) Filtration effect 

A thick layer of light material will alter the composition of the incident 
beam. This effect is certainly appreciable at sea-level, where 1 m. stone 
corresponds to one-quarter of the thickness of the atmosphere. The absorp¬ 
tion of the vertical rays due to 1 m. stone is about 20 % at sea-level, but at a 
depth of 60 m. water equivalent must be quite small. At sea-level fig. 2 
shows that the maximum shower frequency is reduced to about one-half by 
1 m. of stone; only a part of the reduction may be due to filtration. 

This discussion leads us therefore to the general conclusion that the effect 
of dense light material (stone) over the apparatus is (a) to increase the degree 
of association of the rays falling on the lead and so to decrease the number of 
recorded showers emerging from the optimum thickness of lead, (6) to shift 
the maximum of the transition curve to a lower thickness, (c) to diminish 
somewhat the shower frequency along the whole transition curve by filtra¬ 
tion. 


4. Comparison with theory 

The shape of the transition curve up to about 4 cm. of lead can be ex¬ 
plained by the cascade theory of Bhabha and Heitler (1937) and of Carlson 
and Oppenheimor (1937). But without new assumptions this theory cannot 
explain (a) the presence of an appreciable number of electrons at sea-level 
and still less the number found underground, (6) the existence of the tail of 
the shower transition curve. 

Both effects can be understood as being partly due to secondary electrons 
set in motion by the penetrating particles, which are themselves presumably 
heavy electrons. This view has been recently discussed by Bhabha (1938). 

The transition curve under 30 m. of clay can thus be understood as the 
superposition of two effects. (1) Heavy electrons entering the lead produce 
secondary electrons in the lead which give rise to cascade showers. This 
process produces a flat transition curve without a maximum. (2) Electrons 
already produced by the heavy electrons in the earth above the apparatus 
enter the lead and produce cascade showers. These rays will produce a 
transition curve which has a maximum and then doorcases to zero. The 
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superposition of (1) and (2) gives the observed curve. Whether the resulting 
curve is flat or shows a maximum, depends on the relative importance of the 
two mechanisms, and will thus vary considerably with the arrangement of 
the counters and the other conditions of the experiment. 

It is possible that some part of the small showers contributing to the tail 
of the transition curves may be due to the heavy electrons, which constitute 
the penetrating component, giving rise to normal electrons, when their 
energy falls much below 2 x 10 8 e-volts (Blackett 1938). Such a transition of 
a heavy electron to a normal electron will be accompanied by the emission of 
radiation which will produce a small shower. 

The initial slope of the transition curve at both levels is proportional to 
the vertical intensity. We therefore conclude that showers observed under 
thin layers of lead are mainly due to secondary electrons produced by the 
penetrating cosmic-ray particles, and that even at sea-level there is approxi¬ 
mate equilibrium, between the penetrating group and its secondaries. 

That the shower frequency increases with height more rapidly than the 
vertical intensity, has been shown by Rossi and Beneditti (1934), Johnson 
(1935), Auger, Leprince-Ringuet, Ehrenfest (1936) andBraddick and Gilbert 
(1936). These high-altitude showers can be regarded as cascade showers 
produced by primary electrons on their way through the atmosphere. But 
few of these showers seem to be able to reach sea-level, for if they did one 
would find a greater relative intensity of showers at sea-level than under¬ 
ground, whioh is not the case. 

This conclusion is in agreement with the theory of Bhabha arid Heitler 
(1937) concerning the range of cascade showers, and the conclusion of 
Blackett (1938) that only about 1 % of the particles at sea-level with energy 
greater than 3 x 10 s e-volts are electrons. 

The author expresses his sincere thanks to Professor P. M. S. Blackett, 
F.R.S., for suggesting these experiments and for his encouragement and 
help; he also thanks to Dr H. J. J. Braddick for his frequent assistance. The 
experiments were carried out at Birbeck College, London, and in the 
Holborn Tube Station. Our thanks are due to the London Passenger Trans¬ 
port Board for granting the facilities to carry out the work. 

Summary 

The frequency of cosmic-ray showers was observed at sea-level and 
under 30 m. of clay (60 m. of water equivalent). The shower frequencies at 
the two levels were compared with the corresponding vertical intensities. 
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Part of the experiments were carried out with layers of light material close 
above the lead in order to maintain similar geometrical conditions for the 
shower production at both levels, The marked observed effect of the stone 
on the transition curve can be understood as due mainly to the spatial 
association of the shower producing electrons emerging from the stone, 
rather than to filtration. The relative shower intensity, i.e. (shower fre¬ 
quency/vertical intensity), of the showers producing the first slope of the 
transition curve was found to be nearly the same at sea-level and under¬ 
ground; on the other hand, the shower frequency due to showers producing 
the tail of the transition curve increases relatively with depth. The conclu¬ 
sion was drawn that most of the showers at sea-level and underground are 
due to secondaries of some kind produced by the penetrating particles, and 
that consequently relatively few can be due to primary electrons. 
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An interferometric wave-length comparison of the red 
cadmium radiation emitted by different sources 
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[Plata 13] 

Introduction 

The red line of cadmium with a wave-length value of 6438*4096A in 
“normal” air at 15° C. and 700 mm. pressure has long been used as the 
spectroscopic standard for accurate wave-length comparisons. From time 
to time, the type of discharge tube and the type and condition of the dis¬ 
charge tube have been defined with increasing stringency both by the 
International Astronomical Union and by the International Conference of 
Weights and Measures, but in some respects they are yet not completely 
specified. Thus, while a lower limit is set on the diameter of the capillary no 
mention is made of its length. 

In many respects this discharge tube, which has to be maintained at 
320° C. by means of an electric oven, is not a convenient source to employ. 
The high temperature gives rise to an enhanced Doppler width, and the 
comparatively high excitation voltage with its large electric field may 
cause a Stark broadening of the line. It can be easily shown that the errors 
due to optical defects in the Fabry-P^rot plates have least effect when the 
light is passed through the plates as a parallel beam instead of being 
focused on the interferometer itself. A large magnification has to be used 
to enlarge the 2 mm. diameter disk source so that it fills the slit of the 
spectrograph. Since a high-aperture ratio lens cannot be used because of 
the limitations of the furnace and the capillary, the intensity of illumina¬ 
tion at the slit is proportionately reduced. 

Various alternative sources have been proposed at different times, the 
most successful probably being the hot-electrode cadmium lamp made 
by the A.E.G, in Germany and now manufactured in this country by 
the General Electric Company under the trade name of “Osira Cadmium 
Lamp”. Sears and Barreil { 1933 ) have shown that the wave-length of the 
red line emitted by one of these lamps with a current of 1 amp. was the 
same as that from a Michelson tube with a certainty of 1 part in 16 x 10 ®. 
Jackson ( 1936 ) carried out an extensive investigation, comparing this lamp 
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at different currents with a standard Michelson tube containing 1 mm. of 
air and employing etalone with plate separations of 2, 3, 6 , 7J and 10 cm. 
The vacuum form of Michelson tube specified by the International Astro¬ 
nomical Union and the International Conference of Weights and Measures 
could not be used for the 10 cm. etalon as the fringes were not sharp enough 
for accurate measurement. Jackson found that with a 2 amp. current the 
line is displaced by about 0*0002 A to the red, with a current of 1*7 amp. 
the red shift is just measurable and is about 0-0001 A, while with a current 
of 1*1 amp. no detectable difference occurred. He further compared the 
wave-length of the red line emitted by a Schuler hollow cathode discharge 
with the standard Michelson tube using etalons of 1*5 and 2*5 cm. gap and 
found them identical within ± 0*0001 A. Larger gaps could not be used as 
the work could not be carried out in the constant temperature room. No 
particulars are given regarding the current in the Schuler tube or the 
dimensions of the hollow cathode, and there is no indication whether a hot 
or water-cooled cathode was used. 

One of us (W, E. W.) in conjunction with A. Middleton ( 1938 ) has 
recently determined the vacuum wave-lengths of a number of iron lines 
by means of the reflexion echelon grating, and the work has recently been 
extended to the ultra-violet region in conjunction with J. W. Drinkwater. 
For this purpose Schiiler hollow-cathode discharge tubes were used, both 
for the red cadmium standard and for the iron lines. As is now well knoNtfn, 
the Schuler lamp, suitably cooled if necessary, gives much narrower lines 
than any other form of discharge with the exception of a well-collimated 
atomic beam which would be too complicated for general use. 

The original object of this investigation was to make a comparison be¬ 
tween the three sources, the standard Michelson lamp, the Osira lamp and 
the Schuler tube. With the apparatus and facilities at our disposal, we found 
that the Michelson lamp could only be included in the comparison at the 
cost of a very considerable reduction in the standard of accuracy attain¬ 
able on account of the comparatively low intensity of this source. In view 
of the work of Sears and Barrell and especially of Jackson the comparison 
was limited to the Osira lamp and the Schuler tube. 

Experimental 

The ideal method of comparing the wave-lengths of the same line from 
two different sources by means of the Fabry-P&rot interferometer would 
be to photograph the fringes simultaneously from both sources. In order 
to differentiate the fringe system of one source from that of the other, 
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thelight ftcto the one could be polarized in tbA horizontal plane andthat 
■feom the other in the vertical plane. The twdifeti df fringes would over- 
lap on the slit of the spectrograph but could be again separated on the 
photographic plate by including a weak double-image prism (of Appropriate 
angle) in the parallel beam of thtf spectrograph. Equal density of the 
different sets of fringes could be obtained by suitably silvering the 
partially reflecting plate that reflects the light from one source into the 
path of the other ; alternatively, a balance of intensity could be obtained 
even more easily by including a second nicol in the path of the stronger 
souroe and suitably rotating it. Any alteration, whether in the instrument 
or in the refractive index of air, would affect both sets of fringes equally, and 
the fringes being side by side would be in the best position to minimize any 
effects due to unequal shrinkage of the emulsion film on the photographic 
plate when it is dried after development arid fixing. The double-image 
prism would have to be of good definition and cover an aperture equal to 
that of the spectrograph collimator objective. Before adopting this method, 
we decided to try a simpler arrangement, which, if it appeared to show any 
real wave-length difference, could be relinquished in favour of the above 
method in which any errors are automatically compensated. 

The interferometer used for this work was a type of Fabry-P^rot etalon 
designed by one of us (W. E. W.) in conjunction with Mr Twyman of 
Messrs Adam Hilger, Ltd., and manufactured by them (N. 71). It may be 
used with any plate separation between 2*5 and 100 mm. It has a bed of 
“invar” steel and differs from most other interferometers in the very high 
degree of accuracy to which the large diameter (6*5 cm.) plates have been 
optically worked and in the method of adjustment of parallelism of the 
plates, very fine-pitched tilting screws replacing the spring pressure devices 
previously used in such etalons. The parallelism of the plates is obtained by 
means of localized fringes from an independent mercury light source, and 
the plate separation is given by a vernier scale and microscope to within 
±0*005 mm. 

The fringes are focused on the slit of a Hilger E 2 spectrograph (with 
glass train) by means of a 50 cm. achromatic objective mounted on the bed 
of the interferometer. In order to prevent any displacement of the fringe 
system on the spectrograph slit due to any small shift of one instrument 
with respect to the other, the two instruments are connected together with 
a rigid ball and socket coupling immediately beneath the slit; any small 
relative displacement of the instruments will then only produce a second 
order displacement of the fringes on the slit. 

The normal plate o&rrier of the spectrograph is provided with a rack and 
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pinion movement so that successive exposures, one above the other, are 
obtained. With such an arrangement there is always the risk of unequal 
shrinkage of the film when the plate is fixed and dried. For this investiga¬ 
tion a special plate-holder was made in which the plate could be moved in 
its own plane in a horizontal direction, so that successive exposures of the 
fringe pattern of a particular line will lie side by side. By controlling the 
lateral displacement accurately, one set of fringes would run on into the 
other and any vertical displacement of the fringes would become obvious. 
It is well known from experience with the coincidence type of range finder 
that the eye can set in, or detect a lack of, alignment to a far higher 
degree of precision than it can place a cross-wire at the centre. 

To minimize the disturbing effects of heat from the light sources, the 
interferometer and the spectrograph were isolated by dividing the room, 
which was underground, with a double-walled low-conductivity partition. 
The light from either source was passed into the interferometer portion of 
the room through two small plate-glass windows, one on each side of the 
partition, which was also provided with a good-fitting heat-lagged door to 
give access to the instrument compartment. 

The first point to be ascertained was the degree of accuracy with which the 
plate could be moved horizontally in its own plane through small known 
intervals. For this purpose the spectrograph slit was rotated to a horizontal 
position and its length adjusted to approximately 0-4 mm, by means of the 
V slit. Plate 13 shows with a magnification of 10 diameters the results of 
eighteen such exposures. Each horizontal line is a succession of three 
images (or exposures) of this narrow horizontal slit. At the end of every 
third exposure, the plate-holder was racked down so that sets of lines could 
be obtained and their separation (in different parts) measured by means of 
the travelling micrometer. The lines are straight and parallel to within the 
accuracy of measurement ( ± 0-001 mm.). 

The Fabry-P^rot fringes for the Osira cadmium lamp, the Schuler tube 
and finally the Osira lamp again were then photographed in a similar 
manner, the plate being moved horizontally between each exposure. 
Before discussing these results, further details of the light sources chosen 
should be given. The Osira cadmium lamp was used with a current of 
1-3 amp. This is a larger current than was used by Sears and Barrell or 
Jackson. With the particular lamp which we used, the intensity of the 
red cadmium line fluctuated considerably with currents of less than 
1-3 amp., making it very difficult to arrange an exposure time to give a 
convenient density of image. 

From previous experience w ith other lamps of this type we found that 
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the minimum current for an approximately constant brightnessjof the red 
line varies from lamp to lamp. S6me lamps run steadily and give a con¬ 
stant and sufficient brightness of the red line with less than 1 amp., while 
others require 1*5 amp. for the same results. The discrepancy probably 
arises owing to the small differences in the hot-wire electrodes. In some 
lamps the bombardment is very local, causing a few turns of the electrode 
wire to become intensely hot with a small total current. In other lamps the 
whole of the heater coil appears uniformly bright, and these lamps require 
a larger total current. We therefore suggest that when these lamps are to 
be used as wave-length standards the current should not be numerically 
specified, but that they should be used with the smallest current that will 
give a constant brightness for the red line. 

The Schuler tube source had an iron cathode 8 cm. long, 1*2 and 1*4 cm. 
internal and external diameters. A pure cadmium rod bored to within 
2 mm. of the end with a 0*9 cm. diameter drill fitted closely into the iron 
cathode. Helium at a pressure of about 1 ram. was circulated through the 
tube, and the usual copper oxide furnace with liquid air-cooled chabazite 
traps was used to remove impurities. With this source the presence of even 
a small trace of mercury reduces the brightness of the cadmium spectrum 
very considerably, and it is advisable to reduce the heating of the diffusion 
pump even at the oost of lowering the efficiency of the circulation system, 
since the ordinary liquid air traps tend to allow some mercury vapour to 
pass. Both the anode and the cathode were water-cooled. 

Normally this Schuler lamp would be used with a current of 100 mA. 
With a 10 cm. gap etalon the fringes are obviously narrower than with the 
Osira lamp. In order to make the comparison easier and more certain, the 
current in the Schuler lamp was increased to 200 mA. Even then, the 
hollow cathode source was the more homogeneous. 

Most of the exposures were made with an etalon gap of 10 cm., although 
a number were made with gaps of 7*5 and 5 cm. The parallelism of the 
plates was adjusted at full aperture (6 cm.), and a diaphragm was placed 
dose to the interferometer to limit the beam falling on the plates to a 
central disk of 1*5 om. diameter. An exposure was first made with the 
Osira lamp, the photographic plate moved a small amount horizontally in 
its own plane, and a second exposure, now from the Schuler tube, obtained 
by removing the mirror used to reflect the first source into the line of the 
instruments. Finally, the photographic plate was moved again a similar 
amount and a second exposure of the Osira lamp obtained by replacing the 
mirror in its original position. The exposure times were chosen so that the 
three patterns should have approximately the same density. 
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Results 

No detectable wave-length difference wets found between the two souroes 
with a 5 cm. etalon gap. When 7*5 and especially when 10 cm. gaps were 
used, it was found impossible to obtain reliable photographs unless one 
observer remained in the instrument room (to move the photographic plate 
as required) while the other attended to the light sources. Since the etalon 
plates in this instrument are not screened, the mere act of opening the com¬ 
municating door would set up draughts which cause fringe displacements. 
This may also, in part, be due to small pressure changes, since for this 
wave-length, with a 10 cm. etalon a pressure change of 0*05 mm. of Hg 
will cause a change of order of nearly 0*006. Temperature and pressure 
readings were taken before and after each complete exposure, and all 
plates taken when any detectable change occurred ( 0 * 1 ° C., 0*05 mm.) 
were rejected without further examination. 

Since one observer had to remain in the instrument compartment, the 
temperature of the air would rise and the carbon dioxide content would 
increase, but the lowering of the refractive index of the air due to the 
increased temperature would be more than counterbalanced by the higher 
refractive index of the carbon dioxide replacing the oxygen of the air. The 
optical path difference of the interferometer was in consequence steadily 
increasing so that the original idea of testing the exact alignment of the 
first fringe of each of the three sets of fringes had to be abandoned. Fig. 2, 
Plate 13 shows a photograph ( x 10 )of the fringes with a 10 cm. gap. The 
thicker line of overlap occurs between the first Osira lamp exposure and that 
of the Schuler tube. The order of the difference between the successive 
exposures is less than 0*005, but is clearly visible to the eye in the central 
fringes. 

The exact fractional part for each set was determined from measure¬ 
ments of the second to the fifth ring by means of the least squares method 
developed by Rolt and Barrell ( 1929 ). Table I gives the results of measure¬ 
ments on typical plates with an interferometer gap of 10 cm. corresponding 
to an order of interference of approximately 310,000. Fringe system 
( 1 ) refers to the first Osram lamp exposure, ( 2 ) to that of the Schuler tube, 
and (3) to the second exposure of the first source. The corresponding frac¬ 
tional parts are given in the third column. In the fourth column are given 
the fractional parts for the same plate given by a remeasurement using 
another portion of the screw of the travelling micrometer. This is included 
to give an indication of the accuracy of measurement. 

The change in the fractional part in the 21 min. required for the three 
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seta of exposures was normally about 0*01, and for these plates no detect¬ 
able difference exists between the fractional part for the Schuler tube and 
the mean value for the two Osira lamp exposures. The results of plate 7 
have been included, as it shows the greatest difference of all the plates that 
have been measured. If we assume that the path difference is increasing 
uniformly, the average value for the Schuler tube should have been 0*6G1 5 . 
A change of 0*0025 in / (which is not much greater than the error of measure¬ 
ment) implies a difference of wave-length of less than 1 part in 100 x 10 6 , 
since the order of interference is over 300,000. The average value of the 
order difference from all the other plates is 0*0005, but since this is less 
than the possible error of setting no exact significance can be attached to it 
except to say that no detectable wave-length difference exists between 
these sources. 


Table I 


Plate no. 

Fringe system 

/x JO 3 

fxlO 3 

Average value 

20 

1 

559 

558 

568, 


2 

663 

561 

562 


3 

568 

566 

667, 

24 

1 

898 

900 

899 


2 

902 

905 

903, 


3 

910 

910 

910 

7 

1 

648 

— 

— 


2 

664 

— 

— 


3 

675 

— 

— 
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Summary 

A comparison is made between the wave-lengths of the red cadmium 
line (A « 6438 A) emitted by a G.E.C. Osira cadmium lamp and a Schuler 
hollow-cathode discharge by photographing the Fabry-Pdrot fringes due 
to the two sources side by side in the same horizontal plane by means of 
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a specially designed plate-holder. Interferometer gaps up to 10 cm. were 
used, and the greatest difference reoorded was less than 1 part in 100 x 10 6 
or 0-00006 A. 
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Effusion phenomena in relativistic quantum 
statistics 

By B. N. Srivastava, M.Sc. 

Lecturer in Physics , Allahabad University 

(Communicated by Professor M. N. Saha , F.R.S.—Received 9 May 1938) 

Considerable attention has been devoted in recent years to the investi¬ 
gation of properties of degenerate and non-degenerate matter. Quite 
recently the Joule-Thomson expansion of degenerate matter has been studied 
by Kothari ( 1938 ), while the present author (Srivastava 1938 ) investigated 
the same effect in non-degenerate matter and showed that the phenomenon 
of Joule-Thomson expansion may possibly serve as a means of experi¬ 
mentally testing the statistics obeyed by helium gas. In the present commu¬ 
nication the effusion phenomena in degenerate and non-degenerate matter 
have been investigated, taking into account the effect of relativistic 
mechanics. In § 1 the effusion of non-degenerate matter has been discussed 
while degenerate matter has been considered in § 2 . 

1. Non-bkgenerate matter 

Let us consider a gas contained in a vessel having a narrow orifice on one 
side and let the gas escape through this orifice into a vacuum outside. We 
shall assume that the pressure of the gas is so low that the mean free path is 
much greater than the dimensions of the orifice. Under these conditions we 
shall calculate the amount of matter effusing out through this hole. 
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The relativistic expression for the distribution law is* 


where 


N'de 


- filter + p> 


4 ngV 

~cW 


(e 2 + 2mc 2 e) i (e 4 - me 2 ) de. 


( 1 ) 

( 2 ) 


Here e denotes the kinetic energy, i.e. 

6 -’“'[(T^W-‘]' (31 

m being the rest mass and v the velocity of the particle, N € de the number of 
particles having their kinetic energy lying between e and e + de , g the quantum 
weight of the particles, and jd = -f 1 for matter obeying Fermi-Dirac statistics 
and ft — — 1 for Bose-Einstein statistics. 

The number of particles per c.c. of the gas having their velocity lying 
between v and v + dv is given by 

, 4ng (e s -f* 2mc 2 e)* (e + me 2 ) de ... 

*•* = cW - 7 e ‘ ** TI . ’ (4) 


where e and v are related by (3). The number of particles effusing out through 
unit area of the hole per second is given by 

fco 

I n e de\ veo$8\sinOdd, 

Jo Jo 


since $ sin Odd is the sohd angle between the directions 6 and Q + dd. Hence 
the number becomes 

I n € de\v~ Jnc, 

Jo 


where c is the mean velocity. Substituting the value of n 9 de: from (4) we have 
, - f 00 ng (e 2 -h 2 mc 2 e)* (e + rac a )etev 

" Jo 3P--• (S| 

Now from (3) we have 



♦ See Majumdar (193a, p. 247 ). 
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Substituting for v and putting ejkT » u we have 



ng (u z k z T 2 + 2ukTmc z ) ckTdu 
cW fe u + y? 


A 3 



du 


(0) 


We shall first consider the non-degenerate case (fpi). 

Assuming the matter to obey Fermi-Dirac statistics (/?=* -f 1) the term 
under the integral sign can be expanded in an infinite series for/> 1. Thus 



Similarly for the case of Bose-Einstein statistics (/?= — 1) we get 


r*ru z kT ir 

J o L tnc* “J L 


1 p—u j_ p—2u i p —3« i 

/ V V + 


...Jdtt. 


Thus in the general oase we can write the expression in the form 

1." [^ +2 “] [r* + ^-“ - -]*•• 


But 

and 


i: 




2 jie~ ku du 

J k 


2 £ 




Hence the number of particles effusing out beoomes 
k 2 T 2 


r kTl2 p 2 1 2 1/1 pill \1 

f 2 2 s + / 4 ’ 3 s ”j (/ f 2 2 * + f 2 ’ 3 a "’)J 

2T ibT /?/l JfcT\ "I 
nffm fL + mc 2 /(4 + 8mc*) + ‘’J’ 


WT 2 

h 2 


(7) 


negleoting small quantities of higher order. 

This is the general expression, taking full account of the effect of relativistic 
mechanics. We shall consider two limiting cases of this expression. These 
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will be referred to as relativistic (when e>mc®) and non-relativistio (when 
e<mc®). 

For the non-relativistic case it can be shown that* 


where 


1 If, 15 p 1 “I 

?“aL 1 ‘% + 2'7.-J' 

g{2nmkT)* me? 

= nh? ’ y ~W 


( 8 ) 


Hence the number effusing out in this case becomes 

‘»y"{ i -5 + 4 w2 - i, '4 < 6 > 

For the completely non-relativistic case (y->oo) this expression reduces to 


‘»7w! i+ 4w 2 -"'-)- 


( 10 ) 


This expression can be obtained more simply by starting with the non- 
relativistic expression for the distribution law, viz. 

2 itg (2m)* e* de 
n ‘ de ~~W fe'iw + p 


and proceeding as above. For completely non-degenerate systems (/> 1) 
this expression reduces to the simple formula for a classical perfect gas. For 
matter obeying Bose-Einstein statistics the effusion is less while for Fermi- 
Dirac statisti cs it is greater than that for a classical perfect gas. The departure 
is however small, being only about 1 % for / = 10. 

For the relativistic case (y< 1) it can be shown that 


1 

/* 


n 

8 ng 



1 y+ 8 /«• 


■] 


( 11 ) 


where 


1 __ n / chV 

fX-Wg\kT) • 


Hence the number effusing out becomes 

|nc( 1-terms in y®). (12) 


For the completely relativistic (y-*0) and completely non-degenerate 
system this reduces to Jnc. This is obvious, since for the completely relati¬ 
vistic oase the average velocity will be very nearly equal to c. 

* For a complete list of such formulae see Kothari and Singh (1938, pp. 146 - 7 ). 
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« 

It may prove of interest to find out the mass effusing out per unit time, 
since in the relativistic case the mass of all particles coming out is not the 
same. Proceeding as before the mass of gas effusing out per unit area per 
second is obtained by multiplying (5) by mj<J( 1 -^ a /c 2 ). We obtain 

r ng (e‘ + 2mc a e)* (e + ^)dev 

Jo cW /e«/* r +y? 


Substituting for v this becomes 


*°° ng (e 2 + 2mc 2 e)(e + mc 2 )d€ 
o cV + 


Putting ejkT — u we get for the mass effusing out 


(* qo 


ng 

c*h 3 


(fcT) 4 J 


o 



(13) 




■['fc 


, 3me 2 , 2m i c* 

*+-n*-u s + 


kT 


k*T 2 


u) 


du 


fe u +P 

Expanding into an infinite series as before we get 


ng 
c*h 3 


(kT ) 1 


[( 


0 /? , _L 

3*P' 


3mc a 12 20 2 

+ fcT (/ 2 s / a + 3 3 / 8 "' 


2m*c 4 fl_ P_ 1 n 

+ Jfc*r*(/ 2*/* + 3*/ 8 "')J 




W ^[ 3+% + ,.^ ? (l + | + ^) + / i (l + |4)...], ,14, 


where y — mc 2 /kT . 

For the non-relativistic case (y> 1) we get, on substituting the value of 
/, the expression 


in ”*VS?[ 1+ 4 + i7. < ' ,2 ' 1) -']' 


(IS) 


approximately. For the completely non-relativistic case (y-+ oo) this reduces 
to 


\nm 



(16) 


as is evident from (10). 





Effusion phenomena in relativistic quantum statistics 521 

For the relativistic case (;y 4 ,1 }f R is given by ( 11 ). Hence the expression 
(14) for the mass effusing out becomes 


3 nkT 

4 


r[ 1 + ffir te “ in 


(17) 


approximately. For the completely relativistic (y-*Q) and completely non- 
degenerate case this reduces to 

(18) 

4 c 


2. Degenerate matter 

We shall now calculate the effusion of degenerate matter. The number of 
particles effusing out per second is given by equation ( 6 ), which has now to be 
evaluated for the degenerate case. Let us first consider matter obeying 
Fermi-Dirac statistics and since it is degenerate we have/<^ I. We shall 
follow Sommerfeld’s method (Sommerfeld 1928 ). Thus the number is equal 
to 


ng ™k*T* 

A 3 


du 


(u*) du 


IkT 

[3 me 3 Jo /e u +l 

ngm 



(u 2 )du 

fFTT j 


to a first, approximation, where 




-r 


me* 

It 


( ( 1 +x 2 ) i - 1 ], 


and 


x = A/AlV. 

mc\4ng) * 
On substituting for u 0 this reduces to 

r)3/*4 


n 9~- [2 + ** - 2 ( 1 + z*)*] [2 + (1 + **)«]. 


(19) 

( 20 ) 

( 21 ) 

( 22 ) 

(23) 


This is the general expression giving the number of particles effusing out 
correct to a first approximation in the case of a Fermi-Dirac degenerate gas. 
We shall consider two limiting cases. 

For the completely non-relativistic case (x-^O) this reduces to 

3 / JL\* h 


16\47 TfjJ m 


n 1 


33*2 


(24) 
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This expression can be obtained more readily by starting with the non- 
relativistic expression for the distribution law. We can express (24) in terms 
of the pressure p with the help of the relation 

_ 4 ngh 2 / 3 n \* 

^ 15 m \4aig) * 

Thus we get for effusion the expression 

4 \ 4 / \mh*j ** 9 

i.e. the number of particles effusing out varies as p* and is independent of the 
temperature T to a first approximation. This should be contrasted with 
expression (10) for the non-degenerate case according to which the effusion 
varies as p/<JT. 

For the completely relativistic case (x->oo) equation (23) reduces to £nc. 
Thus the number of particles effusing out in the completely relativistic case 
is the same whether the gas is highly degenerate or highly non-degenerate. 

Following Sommerfeld’s method we can evaluate (19) to a second approxi¬ 
mation, Thus we obtain for the number of particles effusing out the expression 



where is given by 

correct to small quantities of the first order. We can deduce this expression 
for In l//in relativistic mechanics in the following manner: 

From the distribution law in this case expressed by equation (4) we readily 
obtain, after making the usual substitutions, that 
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following Sommerfeld’s method. This after reduction yields, correct to 
small quantities of the first order, the equation 



which yields the value of u Q given by (26). 

As a particular case of (26) we can consider the completely non-relativistic 
case (y-*oo, #-*0). In this case (25) yields 


ngm 





(27) 


since u 0 in this case is given by 


u 0 


3 n \* h 2 ~ 1 /inmJcTy (ng \* "j 

4 ng) 2mkT _ 3 \ h 2 / \6ra/ + ‘ 


(28) 


Equation (27) oan be obtained easily by starting with the non-relativistic 
expression for the distribution law. This equation indicates a very slight 
dependence of effusion upon the temperature, there being a slight increase 
for higher temperature. 

For the completely relativistic case (25) also reduces to \nc approximately. 

We shall now calculate the mass of gas effusing out in the degenerate case. 
This is given by (13) which can be written in the form 



* iS ( ^ )4 H + T?“«F approx - 

_ 1 ngm*c*x* 

"i ¥~~ 

-UM**' (30) 

with the help of (22). This expression shows that, to a first approximation, 
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the mass effusing out is the same whether we consider the relativistic 
mechanics or the non-relativistic mechanics (see equation (24)), though the 
number in the two cases is different. 

The expression (29) for mass can be evaluated accurately by SommerfekTs 
method. We thus get for the mass the expression 


111 , 
4 c 4 fc 3 



2 7UC 2 

IcT 





6 me 2 


2w 2 C 4 | 77T 4r ] 

■pr»i + T6j’ 


(31) 


where u 0 is given by (26). 

For the completely relativistic case this reduces to 


3 

To 



since u Q in this case is given by 




ch / 3n\»r tt 2 (Sng\*/kT\* 1 
kT\4arg) __ 2*3*\ n / \cA / *’j' 


(32) 


So far in this section we have considered matter obeying Fermi-Dirac 
statistics. In case of Bose-Einstein statistics the distribution law is expressed 
by (4) with /?»-!, Here the state of degeneracy corresponds to f-> 1. 
/ cannot be less than 1, for then the number of particles having very small 
energy would be negative, which is absurd. The total number n of particles 
can be obtained by integrating the right-hand side of (4) as explained in §1 
for/> 1. If we put / = 1 as the extreme degenerate case in this expression 
for n we get a fixed value for n which is obviously absurd, since the number of 
particles can have any value depending upon the mass of gas taken. This 
difficulty arises as the integral is not valid for / = 1, hence for such values of / 
we must replace it by a sum extending over the discrete levels. Very simple 
arguments, however, show that the effusion of a Bose-Einstein degenerate 
gas will be negligible. Thus from equation (4) it follows that for/ = 1 
(Bose-Einstein degenerate gas) the number of particles having very small 
kinetic energy or velocity is large, while the number of particles having large 
velocities is extremely small. Thus since the majority of the particles have 
almost zero velocity and zero energy any dynamical phenomenon such as 
effusion, etc., in the gas will be insignificant. 

We have to make a few more remarks regarding the results obtained 
above. In the different cases we have found the number of particles as well as 
the total mass of gas effusing out. On dividing the latter by the former we 
get the average mass of the particles in the effusion stream. Thus in the 
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completely relativistic and completely non-degenerate case the average mass 
is given by 


3 nkT II 3 VT 

4 c li™ ~ c a * 


(33) 


while in the completely relativistic and completely degenerate case this is 
equal to 


A 

16 



JL V* 

Mg) c 


(34) 


which is independent of m. In genera], however, it can be easily verified for 
the relativistic degenerate and non-degenerate cases that if we retain small 
quantities of higher order and compare the energy or mass per particle in the 
effusion stream with that in the original gas at rest, it is greater in the former 
case. This should be so, since the faster molecules are able to escape very 
quickly through the orifice and hence are more abundant in the effusion 
stream than in the initial gas. In the completely relativistic case the two 
become equal as is obvious (see equations (17), (32) and (33), (34)). 


It is a pleasure to record my thanks to Professor M. N. Saha, F.R.S., for 
his kind interest in the work and to Dr D. S. Kothari for suggestions and 
discussions. 


Summary 

In this paper the effusion phenomena in non-degenerate and degenerate 
matter have been investigated from relativistic mechanics. Matter obeying 
either Fermi-Dirac statistics or Bose-Fanstein statistics has been considered. 
In §1 non-degenerate matter has been considered, and the number of 
particles as well as the mass of matter effusing out has been calculated. The 
non-relativistic expressions are obtained as a limiting case. For / = 10 the 
departure from the value for a classical perfect gas amounts only to about 
1 %, In § 2 the effusion has been calculated for a degenerate gas, degenerate 
in the sense of Fermi-Dirac statistics, both to a first approximation and to a 
second approximation. The non-relativistic formulae are obtained as a 
limiting case. In this case it is found that to a first approximation the 
effusion varies as p* and is independent of T, but on working to a second 
approximation a slight dependence on temperature is observed. The average 
mass of particles in the effusion stream is calculated. 
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The diffraction of X-rays by age-hardening 
aluminium copper alloys 

By G. D. Preston, M.A., National Physical Laboratory 
{Communicated, by W. L. Bragg , F.R.S.—Received 10 May 1938) 

[Plates 14-18] 

1. Introduction 

The object of this paper is to draw attention to certain peculiarities in the 
X-ray diffraction spectra obtained from single crystals of an alloy of alumi¬ 
nium with 4 % by weight of copper. The experiments described below were 
carried out during an investigation into the proj>erty of age-hardening 
exhibited by these alloys, in the hope that some light would be thrown on 
the processes preceding precipitation of the compound CuAl^, which are 
generally regarded as being the cause of the hardening in alloys of the 
Duralumin class, of which the simple 4 % copper alloy is the prototype. 

The material used in the investigation was prepared from aluminium of 
high purity and after casting the ingots were forged and then drawn into 
wires of 1 mm. diameter. Pieces of the wire after annealing at 500° C. con¬ 
tained crystals of sufficient size (2-5 mm. in length) for X-ray examination 
by the oscillating crystal and Laue methods. 

Oscillating crystal photographs of the alloy taken as soon after quenching 
as possible do not present any striking difference from those of pure 
aluminium, except in showing a small change of parameter which is 
measurable only in the high order reflexions. After ageing at 150° C. for 
26 days or 200° C. for 10 hr. the intense diffraction spots of the solid solution 
on the oscillation diagrams are accompanied by two or three rather weak 
but fairly sharp satellites. These appear before the alloy is in its state of 
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maximum hardness and persist after that maximum has been passed. At 
the same time, observation of high order reflexions (511) and (333) shows 
that some material of spacing 4*04 A is making its appearance in the matrix 
of alloy in which the spacing is 4*033 A. The reflexions of the 4*04 A spacing 
are weak and diffuse. In the oscillation photographs of the alloy aged at 
room temperature for 6 or 8 months the diffraction spots due to the solid 
solution are accompanied by lines which pass through the positions occupied 
by the satellites observed in the spectra of the alloy aged at higher tern* 
peratures. The following sections, (2) and (3), are devoted to a more 
detailed description of these lines, the results of the oscillating crystal 
method being given in (2) and of the Laue method in (3). All the photo¬ 
graphs have been taken with a hot cathode tube fitted with a copper target 
operated on an alternating supply of 40kV (R.M.S.); tube currents of 10- 
15 mA (mean) with exposures of 1 or l£hr. have been used for both the 
oscillation and Laue photographs. The latter have therefore been obtained 
in conditions in which the incident beam contained a much larger proportion 
of soft radiation than is usually the case. 

2. OSCILLATING CRYSTAL METHOD 

A series of photographs has been taken of specimens aged for 0 months 
at room temperature and after different periods at 150 and 200° C. The 
orientation of the crystals selected for examination was determined by 
Laue photographs, and the specimens were adjusted so that a [HO] or f 100] 
direction was parallel to the axis of oscillation. The general nature of the 
results obtained by this method of investigation can be illustrated by a 
description of photographs of the alloy aged at room temperature for 
6 months and at 150° C. for 26 days. 

In the alloy aged at room temperature the reflexions due to the face- 
centred cubic structure are accompanied by a pair of lines diverging from 
each spot in the direction of increasing <9. These lines, in the alloy aged at 
150° C., are resolved into two or three fairly sharp spots. Actually each 
reflexion is accompanied by three lines, one of which is masked in the central 
layer line by the “ white 19 radiation, but can be seen in the first layer line. 
Similar results are obtained when the axis of oscillation is a (100) direction, 
but the V-shaped marks are not identical in shape with those observed when 
the axis is (Oil). Some idea of the nature of the observed effect may be 
obtained from fig. 1, where a number of diffraction spots with their accom¬ 
panying lines are shown diagrammatically. The Laue photographs, fig. 2 a 
and b f Plate 14, also show the effect. The V-shaped lines on the left-hand 



528 


G. D. Preston 


side of (a) accompany a (111) reflexion of the alloy aged at room temperature. 
In fig. 7 b, obtained from the alloy aged at 150° C., the lines are resolved into 
rather ill-defined spots. 




Fig. 3. Reciprocal lattice showing short lines which give rise to V-shaped streaks in 

oscillation photographs. 

Measurement of the films showed that the lines associated for instance 
with a (111) spot each proceeded towards the position where (211), (121) or 
(112) would occur, if it appeared in the X-ray spectrum. In terms of 
reciprocal space this means that the point (111) is accompanied by three 
mutually perpendicular lines parallel to the cube axes of the reciprocal lattice 
as illustrated in fig. 3. If we assume that each reciprocal lattice point is 
accompanied by three lines we can calculate the effect which should be 
observed. Taking the axis of oscillation to be (Oil) a point ( x,y,z ) referred 
to the reciprocal cube edges as axes will produce a reflected spot on a circular 
cylindrical film of radius R at a point (X, Y) on the film, when unwrapped, 
where v 


cos 


and 


R 

Y 

R 


V2 


l 2 


V(2-(y+*m\ 

_ + 

V(2-(y+*W 


(x 2 +y 2 +z a ) 
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where Z = A/a, the wave-length divided by the side of the cubic lattice. 
These formulae were used in preparing fig. 1: for the plane (T lT), for instance, 
we put = 1 and allow z to assume values between — 1 and — 2 which 

gives the line running out towards (Tl 2). The other two lines are obtained by 
putting x = 2 * — 1, and y « z =* 1 and allowing y and x to vary from l to 2 and 
— 1 to — 2 respectively. The line (xl 1) lies in the equatorial layer line (y = 0) 
and cannot be observed, owing to the presence of “white” radiation. The 
X-ray photographs were superimposed on a diagram similar to fig. 1 and 
fitted in all cases. Similar results were obtained with [100] as oscillation axis. 


3. The Latte method 

The differences between Laue photographs of aluminium and of the age- 
hardened alloy are illustrated in figs. 2, 4 and 5, Plates 14-17. In fig. 4 a the 
crystal aged at room temperature is orientated with a [ 110] direction parallel 
to the incident beam. The Laue diffraction spots are accompanied by quite 
intense streaks running round the principal zones and starting quite near 
the central spot. These streaks are not completely absent from photographs 
of the alloy taken immediately after quenching; they are, however, at first 
much fainter and broader. Fig. 4 b show 7 s a crystal aged at 150° C. for 
25 days in the same orientation; the streaks are now resolved into short arcs. 
All these effects are absent from the Laue photographs of aluminium. Fig. 5 a 
and 6 show 7 crystals aged at room temperature and 150° C. for 25 days 
orientated with a (100) direction parallel to the X-ray beam with, in fig. 5c, 
a photograph of an aluminium crystal in the same orientation: fig. 5d is a 
crystal of slowly cooled alloy show ing the spots due to CuAl 2 , grouped near 
the centre of the pattern. Comparison of fig. 5 6 and d shows that CuAl 2 is 
not present in the alloy aged 26 days at 150° C. The results obtained by the 
oscillating crystal method were checked in the following way. The crystal 
aged at room temperature was mounted with a [011] direction parallel to 
the spectrometer axis, and rotated until a [111] direction was parallel to the 
X-ray beam. The position of the section by the (011) plane of the sphere of 
reflexion (for the Ka radiation of Cu) is shown in fig. 6 a. It passes very near 
to the point (ill), from which three lines radiate, one PB parallel to (100) 
in the plane of the diagram and two others inclined at ± 45° to that plane, 
the projections of which are shown at PA . These two lines are almost 
tangential to the sphere of reflexion, so that, allowing for the finite diver¬ 
gence of the incident X-ray beam, the reflected rays from the whole of the 
pair of lines might be expected to appear on the Laue photograph. That 
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this is so may be seen in fig. 2. The V-shaped lines diverging from the point 
where the Bragg (111) reflexion of copper K<z would occur are clearly visible. 
The (111) Laue spot is nearer the centre. When the orientation is changed 
by rotation about a vertical axis through a small angle so that the Laue spot 
passes out beyond the position of reflexion of (111) copper Kcc the V-lines no 
longer appear, the lines in reciprocal space being now within the sphere of 
reflexion, as shown in fig. 6 a by the dotted circle. 



Fig. 6. Plan of (Oil) plane of reciprocal space. 

Observations were also made on the plane (TlT) by taking Laue photo¬ 
graphs at 2° intervals near the orientation shown in fig. 66. In this case the 
sphere of reflexion cuts the two lines, of which PA is the projection, at a steep 
angle so that the lines produce spots on the Laue diagram. If our assumption 
as to the position of the lines is correct, one of the spots will travel round the 
zone from (III) to (I2T) as the crystal rotates. In fig. 7a-c, Plate 18, a few 
of the photographs are reproduced, and it is seen that this is the case. The 
results of a series of such photographs are shown in the stereographic pro¬ 
jection (fig. 8). The Laue spots in successive photographs are displaced 2° 
along small circles such as AB (fig, 8). The spot arising from the line PA of 
fig. 6 6 travels downwards along CD towards the equatorial plane and inter¬ 
sects the horizontal axis of the diagram at an angular distance 71° from the 
centre of projection. This is the complement of the Bragg angle of reflexion 
for the Kct copper radiation, as it should be. The spots due to the K§ 
radiation are also recorded, C'D\ but are too faint to appear on the repro¬ 
ductions. The reflexions from all the photographs can be brought on to one 
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great circle by displacing the points through the appropriate angle. The 
Laue spots of one plane all coalesce into a single point, as shown along the 
circle QR \ the angle of displacement has been chosen so as to bring the (TlT) 
Laue spot to 55° from the centre of projection which is now (TOO). The spots 
arising from the lines PA of fig, 6 b all lie on the great circle running through 
(TlT) and (T2T) but move along the circle as the position of the crystal is 
altered, in just the way they should if the assumptions as to their origin in 
reciprocal space are correct. 



It will be noticed in the photographs that the spots arising from the lines 
in reciprocal space are not so sharp as the Laue spots, although they are 
fairly clear. This suggests that the lines should really be thought of as rods 
having a finite volume, so that the reflected rays arise from a small area of the 
sphere of reflexion. 


4. Origin of the lines 

In order to see how lines of the type observed can be produced it will be 
simplest to give a description of the interference pattern produced by a 
two-dimensional lattice, This is equivalent to a pair of line gratings arranged 
with their rulings at right angles, so that the effect is to form a rectangular 
array of apertures. Such an array is shown in fig, 9 a. If the grating is 
illuminated with a beam of monochromatic radiation it will form a system of 
spectra of the type shown in fig. 9 b. We can call the two gratings which make 
the network of fig. 9 a A and J3, and if A has its rulings vertical it would, in 
the absence of B , produce the horizontal row of spots O t A v A 2 ,.,. of fig. 9 6. 
The grating B alone, having its rulings horizontal, would produce the vertical 
line of spectra 0, B lt B v .... The combination of the two gratings produces a 
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rectangular array of diffraction spots; the spectra .4 A 2 , etc., being diffracted 
by B to (11) and (21) as shown in the figure. In addition to these principal 
spectra there will be secondary maxima dividing the areas between the 
principal spectra into a rectangular network; the intensity and number of 

(a) <c> 


(b) j 

Bi* 


.(H) .(21) 

B 

(d) 




‘ Vo' 
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A A A ' 

Aj A} 
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* Vo) ’ 
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• • 


• • 
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ft 


(f) 
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Fig, 9 

these secondary maxima will depend on the number of apertures in the 
grating, and we may suppose that this number is so large that they can be 
neglected for the moment. 

«Now let us suppose that one of the gratings, say A , suffers from a periodic 
defect so that every nth aperture allows more light to pass than the inter* 
vening ones. This is illustrated in fig. 9 c, where the two columns marked 
with crosses represent the defective rulings. In terms of a plane of atoms or 
diffracting particles this corresponds to the weighting of these columns by 
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atoms of greater scattering power. This arrangement will produce the 
spectra shown in fig. 9 d. The normal diffractions are unchanged in position, 
but along the line OA , and lines parallel to it, the principal spectra are 
separated by spectra corresponding to a grating with the periodicity of the 
defective ruling. In the figure this periodicity has been taken to be four 
times that of the grating A } so that three new maxima are introduced 
between succeeding pairs of spectra as shown by the crosses in fig. 9 d . If the 
periodicity of the defect in the grating A varies in different parts of the 
grating the little supernumerary spectra will all run together into a smear 
joining the principal spectra along OA and the lines parallel to it. This 
begins to resemble the sort of effect observed in the crystal; it was pointed 
out in the preceding section that a spectral point (hkl) was accontpanied by 
three lines running out towards the points (A+1,A, l) } (A, A+l,/) and 
(A, k , /+ 1). Here, in the two-dimensional model, we have produced lines 
running through a series of spectra (OA), (IA), (2A), etc. This is one of the 
sets of lines we require, the other is of the type (AO), (Al), (A2), etc. A point 
of some importance with regard to the structure of the crystal now arises. 
If in fig. 9c we suppose the grating B to have a periodic defect as well as A, 
this will produce extra spectra along the line OB and parallel lines through 
all the spectra along OA. The area enclosed by, say, (11), (2?), (20) and (10) 
will be filled with a network of points. Although this is not what is observed, 
it appears that the diffraction spectra within this area may, in certain circum¬ 
stances, be much less intense than those along the lines OA and OB. It 
seems likely, however, that the observed pattern is due to an arrangement 
of the type shown in fig. 9c. Here on the left the grating A has a periodic 
defect indicated by the columns of crosses, but grating B is perfect; on the 
right grating A is perfect and the horizontal row of crosses indicates a 
periodic imperfection in grating B. The resulting spectrum is shown in 
fig. 9/*, the principal spectra are joined by rows and columns of crosses, the 
horizontal rows being due to the imperfection of grating A, the vertical 
columns to those of B. This arrangement produces spectra in the places 
where they are observed in the alloy, namely, along lines where one index 
only of the normal spectra is allowed to vary. The production of the small 
streaks associated with the normal spectra in the alloy aged at room tem¬ 
perature must be ascribed to variations in the periodicity of the imperfection. 

The above results may now be translated into terms of atoms in the alloy. 
The defect which was supposed to consist of the presence of a larger aperture 
in the grating represents, in the crystal, a (100) plane in which copper atoms, 
of approximately twice the scattering power of aluminium atoms, have 
become segregated. This plane gives rise to an intensity streak (or, if the 



planes in which segregation occurs are regularly spaced, to a group of 
diffraction spots) running through a series of spectra (hkl), (h ± l, k,l), 
(h ± 2, k, l), etc. In some other part of the crystal the copper will have 
selected a (010) and will produoe a streak along (hkl), (h, k ± 1, l), ( h , k± 2, l), 
etc. The third streak running through (hkl), ( h, k, l ± 1), (A, k, l ± 2) is due 
to enrichment of (001) by copper in yet a third region of the crystal. These 
are the three lines running through each point of the reciprocal lattioe 
illustrated in fig. 3. Fig. 1 shows the parts of them which are actually 
observed. 




(2n+l)d 



The simple model of a pair of crossed gratings considered above gives a 
satisfactory account of the position of the lines and satellites observed on the 
photographs. One very characteristic feature still remains to be considered; 
this is the fact that in the photographs the lines (or spots) always ocour at 
larger angles of diffraction than the spot from which they diverge, as is 
illustrated in fig. 2 a and h. We have to account for the distribution of 
intensity along a line such as (1 Iz), and in particular for the lack of symmetry 
of the intensity about the normal reflexions (111), (111), (113), etc. 

5. Intensity distribution 

An intensity distribution unsymmetrioai about the normal reflexions will 
be produoed if those elements of the grating which in the last section were 
supposed to have a high reflecting power are associated with a slightly 
smaller or larger spacing. In the case of the copper-aluminium alloy we 
would expect planes enriched in copper to be a little closer together than 
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those where the copper concentration is uniform, because copper in solid 
solution causes the aluminium to contract slightly. We oan see in the 
following way that the association of high reflecting power with diminished 
spacing will produce a result of the observed type. 

We consider a set of planes, spacing d, and reflecting power unity, and 
suppose that they are weighted so that the reflecting power varies by a small 
amount on each side of some plane chosen as origin. Let the reflecting power 
of the pth plane on either side of the origin be 

* 1 2 np 

/- 1+^008 

so that / has a period (2n+ 1) times the spacing. The effect is shown in 
fig. 10a, where the planes are represented by a row of vertical equidistant 
lines whose tops are cut off by a cosine wave of amplitude w 0 . The height of 
each line in the diagram is an indication of its reflecting power. 

We now displace the planes in such a way that the heavier ones, grouped 
about the origin, are a little closer together than the lighter ones grouped 
about points at distances ± (2n+ l)/2 from the origin. In fig. 10 a the distance 
of the pth plane from the origin is pd; in the distorted structure we put the 
pth plane at a distance d p from the origin, where 

i„-i(y + MngjHj). 

The quantity k is small, and if it is negative it will produce a diminution of 
the spacing near the origin and at points distant ± ( 2n 1) d, ± 2(2n -f 1) d, 

27 Tp 

etc., from tlie origin. The curve k sin is shown in fig. 10 A, where the 

arrows in the loops indicate the directions of the displacements for a negative 
value of k. The final distribution of the reflecting planes is shown in fig. 10 c, 
the values of u> 0 = 0-25 and k =0-2 having been chosen sufficiently large to 
make their effect appreciable on the diagram. 

The amplitude of the wave reflected by the system of planes illustrated 
in the figure is made up of the following contributions: 

(1) the oentral plane (p m 0): (1 +u> 0 ); 

(2) a pair of planes on each side of the above (p * 1): 

VW, CLXVTt A. 


34 
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(3) the next pair of planes (p = 2): 


2 ( 1 + M, ° C08 2^l) C08 ( 2C + i:C8in 2^l) ; 


and so on. For the ^>th pair the contribution is 




1 + w 0 cos- 




pc + fcc sin ; 


In these expressions c = so that c = 2n , 4tt, 6tt, etc., corresponds 

A 

to the 1st, 2nd, 3rd, etc., order of reflexion from the planes with normal 
distribution, d; d and A have their usual meaning, the Bragg glancing angle 
and wave-length of the radiation. We now assume that he is so small that 
cos fee 5* 1 and sinfcc = kc , so that 

A p m 2(1 + w Q cos j | cos pc- kc sin sin pc j. 

We can also assume that tc 0 is so small that the term involving w 0 hc is 
negligible and then 

A v = 2 cos pc + (w 0 + kc) cosp^c + j + (w 0 - kc) cos p^c - ■ 

The whole amplitude, arising from the (2n + 1) planes in the interval (2n + 1 )d 
indicated in fig. 10c is 

A = 1 +w 0 +2,A p , 

. 2n + 1 . 2n +1 / 2 n\ . 2n 4-1 / 2n \ 

«n— r -. (°+arri) o!I5±t) 


! i v' 0 + kc 
c + "~2 


1/ 2tt \ 

l 2\ C + 2»+l) 


sin-| C + ; 


j. + 2+*£j. 1+ H=*f, 1 . 


Now when we build up a grating each element of which is the unit illustrated 
in fig. 10 c, these units will be separated by distances (2»+ l)d, so that the 
only values of c which are significant are those for which c is an integral 
multiple of 2?r/(2»+ 1). Let us put c = 2ttto/(2»+ 1) and consider the terms 
F, F x and F a when this substitution is made. We see that F vanishes unless 
m is an integral multiple of (2n+ 1); F x vanishes unless m +1 is an integral 
multiple of 2w+1, and F t vanishes unless m -1 is an integral multiple of 
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2n +1. The normal reflexions occur when c*=27r, 4 tt, etc*, i.e. when 
in = 2n 4* 1,2(2 n + 1), etc*, and each of these is accompanied by two satellites, 

one on either side, when c *« 2n( 1 ± Y 27r( 2 + T V etc. These are 
7 \ 2?i4-l/ \ 2» +1/ 

the only spectra which arise. The presence of a pair of satellites associated 

with each normal reflexion is a consequence of our original assumption 

involving a simple harmonic distortion. A less simple type of distortion 

would give satellites of higher order. Considering now the amplitude of the 

satellites associated with the first-order spectrum we have one at 


c as 27 t( 1 - \ 

\ 2n+1/ 

with amplitude ^w + 2nk{l - the amphtude of the other satellite 

at o - 2„(l + —) to+arn))- If k is negative the former 

is smaller than the latter, so that the satellite occurring on the side of the 
normal reflexion remote from the zero-order spectrum will be more intense 
than that nearer the zero order. Table I shows the result numerically: it has 
been calculated with 4, w 0 =* 0*2 and —002. The small intensity 
maxima, at c * 320 and 680°, due to the term F t diminish as c increases: those 
at c * 40,400 and 760°, due to F 2 , increase with c and are considerably greater 
than those due to F v Both F t and F 2 are small compared with the normal 
reflexion F. The model illustrates the observed intensity dissymmetry quite 
well, but owing to the restriction involved in the assumption that kc must 
be small the calculation cannot be extended to higher orders. This limitation 
is not of importance, as it is only intended to show that the association of 
high reflecting power with diminished spacing will produce an intensity 
distribution of the type observed. 


Table I 


Order 

m 

0 

Source 

Amplitude 

Intensity 

0 

0 

0° 

F 

9*00 

81*00 


1 

40 

F, 

0*96 

0*93 

1 

8 

320 

F x 

0*40 

0-16 


9 

360 

F 

9*00 

81*00 


10 

400 

F x 

1*63 

2*30 

2 

17 

680 

F x 

— 0*17 

0*03 


18 

720 

F 

9-00 

81*00 


19 

760 

Ft 

2*11 

4*60 
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0 . Conclusion 

The results described in the preceding sections must be regarded as 
preliminary. A fuller interpretation must depend on measurement of the 
intensity of the diffraction effects, when it should be possible to determine the 
size of the regions rich in copper and the number of copper atoms involved in 
each of them. It seems j ustifiable at the moment to conclude that the process of 
age-hardening in this alloy is associated with the segregation of copper atoms 
on the (100) planes of the crystal as suggested by I)esch ( 1934 )- The observed 
effects resemble those described by*Laves and Nieuwenkamp ( 1935 ) who 
attribute them to the presence of a two-dimensional super-lattice in the 
material (Ni 3 As 2 ) which they were investigating, and are almost certainly 
connected with the formation of the “ intermediate ’ 9 phase discovered by 
Wasserman and Weerts ( 1935 ). The formation of this phase takes place at a 
stage of the process which follows those described in the present paper. 
When the alloy is aged at 200 ° C. for about 10 hr, one of the satellites, the 
outer one of fig. 26, disappears, the intermediate phase being then present 
in the alloy. It is difficult to say whether in this state the crystal is to be 
regarded as two phases or one, but in the earlier stages of the process it seems 
proper to regard the copper as being still “in solution ”, still occupying sites 
on the aluminium lattice. In the regions in which copper is segregating it is 
still not present in sufficient quantity to assert its individuality by pre¬ 
cipitating CuA 1 2 . The state of the alloy seems to resemble the Fe-Ni-Al 
alloys described by Bradley and Taylor ( 1938 ), and it is possible that the 
high coercivity of these alloys and the age-hardening of duralumin may be 
manifestations of the same type of structural peculiarity. 

Acknowledgements 

This work has been carried out for the Metallurgy Research Board under 
the supervision of Dr C. H. Desch, to whom my thanks are due for his 
interest. During the preparation of the text I have had the privilege of 
discussing the contents of the paper with Professor W. L. Bragg, and 1 
gratefully acknowledge the debt due to him. I am indebted to Dr M. L* V. 
Gayler for the preparation and heat treatment of the material used in the 
investigation. 

References 

Bradley, A. J. and Taylor, A. 1938 “Magnetism", Lecture VI, p. 91 . Institute of 
Physics. 

Desch, C. H. 1934 “The Chemistry of Solids," 

Laves and Nieuwenkamp 1935 Z, KristdUogr . 90 , 279 . 

Wassermann, G. and Weerts, J. 1935 MetaUwirtechaft, 14 , 605. 



Rotatory dispersion in the amine series. 

IV. The optical activity of diamines 

By W. C. G. Baldwin, M.A., Ph.D. 

Laboratory of Physical Chemistry , Cambridge 

(Communicated by R. 0. W. Norrish , F.R.S.—Received 10 May 1938) 
Induced dissymmetry in amines 

In Parts I and II of this series (Lowry and Baldwin 1937 ; Baldwin 1937 ), 
attempts were made to account for the effects on rotatory power which are 
observed when a simple optically active amine is ionized through neutra¬ 
lization by a mineral acid. It was found that the simple amino bases could 
be classified roughly into two groups, viz. (a) those whose specific rotation 
undergoes a large change of magnitude or even of sign on neutralization, 
and (b) a few which do not show this ‘‘acid effect’*. It was also shown that, 
when the “acid effect ” occurs, (i) the amino group is usually in close proxi- 
mity to an asymmetric carbon grouping; (ii) this configuration leads to 
circular diehroism of the absorption bands of the lone pair of electrons on 
the nitrogen atom, and thus to a large induoed rotation due to the amino 
group; (iii) this induced rotation is eliminated on neutralization of the base, 
the,rotatory power is reduced, and may even change in sign; whilst at the 
same time the dispersion constant in a Drude equation for the rotatory 
dispersion is displaced towards the Schumann region, owing to the elimina¬ 
tion of absorption bands at longer wave-lengths. Confirmation of these 
results is found in the investigations of Raman spectra by Freymann and 
Freymann ( 1936 ), who showed that the frequencies characteristic of the 
basic NH radical disappear when the nitrogen atom becomes quadrivalent. 
In the work now described, it is shown that ionization by mere neutra¬ 
lization is not the only mechanism by which the “acid effect” can be pro¬ 
duced. If it be correct to attribute the phenomenon in, say, d-secondary 
butylamine to the lone pair of electrons, the same type of effect should be 
observed when these electrons become bound in any way; and Table I 
shows that, in fact, conversion to a quaternary bromide leads to a result 
similar to that produced by simple ionization. The “acid effect ” may there¬ 
fore be associated directly with the existence of induoed dissymmetry in the 
amino group. 
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Table I 

< 2 -Secondary butylamine 
d -Hydrochloride 
Diethyl -secondary butylamino 
d-Hydrochloride 

d-Triethylbutylammonium bromide 


Mm 

+ 6*30° (homogeneous) 
— 1*26° (23 % solution) 
+131*9° (homogeneous) 

■f 8*21° (6 % solution) 

— 29*8° (J % solution) 


The reversal of sign in the case of d-triethylbutylammonium bromide is of 
particular interest, since it invalidates the general rule for the determination 
of configuration put forward by Boys in 1934. Nevertheless, his model 


finds great success when its application is restricted to the 


NHt 

x ch 8 


residue, and only one anomaly can be found when it is applied to the com¬ 
pounds of the amine series as described in Part II. These effects are, how¬ 
ever, by no means general, as was shown by a full investigation of 1 : 1 '- 
diamino-cydobutane-tspirocyclobutane (Lowry and Baldwin 1937 ). In this 
simple case ionization actually led to an increase in molecular rotatory 
power, and the assumption was made that a configuration such as is offered 
by a classical asymmetrical carbon grouping is usually necessary for de¬ 
velopment of induced dissymmetry in the amino group, and that molecular 
dissymmetry alone does not necessarily lead to the same activation of the 
lone pair of electrons on the amino nitrogen. 
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are all normal in their behaviour, a similar substance, /J-phenylpropylamine, 
containing the same residue ^>CH. CH 2 . NH a , shows only a small reduction in 
specific rotation when it is neutralized. A few isolated exceptions of this type 
must naturally be expected in a generalization, but the uniformly anomalous 
behaviour observed with ring compounds seems to be of fundamental im¬ 
portance. The contrast between the two types of behaviour is brought out 
in Table II, which summarizes the results of the present investigations. The 
apiro-baseof Janson and Pope ( 1936 ) was hitherto the only example which 


Table II. Normal anp abnormal optically active amines 




Ai 

^Jl 


Base 

[M \0 

A 

A 

Remarks and reference 

h Secondary butylamine 

-545 

2300 

1792 

Part II. Normal in be¬ 

Do. hydrochloride 

+ 1-05 (2262) 

_* 

haviour 

d-Diethyl-socondary butylamine 

+ 1108 

2000 

* 

Part II. Normal in be¬ 

Do. hydrochloride 

+ 7-02 

1500 

’ ♦ 

haviour 

J-Propylene-diamine 

-2201 

1900 

1073 

A normal amine 

Do. hydrochloride 

— 6*6 

1850 

1600 


Do. di hydrochloride 

+ 5-94 

1870 

. ♦ 

Tables VIII, IX and X 

d - $piroheptane -diamine 

+ 8-32 

1300 

_* 

Part I, An abnormal 

Do. hydrochloride 

+ 9*0 

1900t 

— 

amine 

Do. dihydrochloride 

+ 14*02 

1934 

_* 


l-Tetrahydroquinaldine 

— 88*4 

1410f 

— 

Calculated from data of 

Do. hydrochloride 

— 122 

1750f 

— 

Pope and Head (1910). 
Apparently abnormal 

J-Menthylamine 

— 67 

— 

— 

Calculated from Kenyon 

Do. hydrochloride 

— 70 

1395t 


and Pickard (1915), 
Head (1930). Prob¬ 
ably abnormal 

Ethylene-diamine sulphate 

a 5= 

1404 

_* 

Table V 

crystals 

± 15*4 
per mm. 




h 1:2- Cyclohexane-diamine 

-43*1 

1870 

0$ 

Calculated from data by 
Jaeger and Bijkerk 
(1937). Classed as 
border-line case 

Do. hydrochloride 

-48*2 

1013 

0* 

Table VI 

Do. dihydrochloride 

-2M 

1431 

_* 

Table VII 

hi ;2- Cyclopentane-diamine 

— 54*7 

1793 

n 

Calculated from data by 

Do, dihydroohloride 

— 38*1 

— 

— 

Jaeger anti Blumendai 

Do. sulphate 

-22*8 

— 

— 

(1928). Border -line 


case 


♦ Single-term equation, 
t Approximate values. 

X Two-term, three-constant Drude equation. 
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had been submitted to a full analysis of rotatory dispersion, and it was felt 
that, before definitely accepting the theory, which is outlined above, more 
evidence was necessary. Through the kindness of Professor.F. M. Jaeger of 
Groningen, a specimen of M: 2 -diaminocycZohexane was available, and 
measurements have been made for this substance in both ionic states in 
combination with hydrochloric acid. For comparison, propylene-diamine 
has been investigated completely in the same way, whilst data for the 
rotatory dispersion of ethylene-diamine sulphate crystals are also put 
forward. 


Absorption spectra of different ionic forms of a polyamine 

The absorption spectra of ethylene-diamine in the three conditions of 
ionization were described in Part III, and in the present paper the effect of 
progressive neutralization of the simple tetramine 

NH a . C 2 H 4 . NH. C 2 H 4 . NH. C 2 H 4 . NH 2 

is shown in fig. J. The progressive addition of equivalents of hydrochloric 
acid results in a regular decrease in the amount of absorption. Such be¬ 
haviour is quite in harmony with that of ethylene-diamine under similar 
conditions, and merely represents an extension of the same effect. Each 
molecular equivalent of acid corresponds to the elimination of the absorption 
due to one lone pair, and at the final stage the absorption is similar to that 
given by a saturated straight-chain hydrocarbon, although somewhat 
greater in magnitude. 


The optical activity of crystalline ethylene-diamine sulphate 

This substance (von Lang 1872 ) crystallizes well as tetragonal bipyramids 
with good basal cleavage, and fairly high rotatory power. It was of im¬ 
portance to ascertain the nature of the rotatory dispersion of this salt for 
purposes of comparison with other diamines, and it was only by a fortunate 
accident, i.e. optical activity in the crystalline state, that such measure¬ 
ments could be made for a substance possessing molecular symmetry. 

After cleavage of the crystals, measurements of rotatory power of both 
d and l samples were taken for visual light by means of radiation from 
metallic discharge lamps and arcs, the light being separated before reflexion 
from the microscope objective mirror by means of a good prismatic mono¬ 
chromator. The extinction positions were somewhat variable, and never 
perfect, and in most cases evidence of the intergrowth of mirror-image forms 
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was seen. Three crystals were, however, obtained which were almost 
optically pure, and a fourth showing very good extinctions was also 
measured. The final results are the averages of large numbers of readings for 
the first three crystals, and those for the fourth were included in the 



Curve L NH g . C a H 4 . NH. C # H 4 . NH, C a H 4 . NH a Base 

2. Base *f 1 HC1 neutralized) 

3. Base +2 HC1 (j neutralized) 

4. Base +3 HC1 ($ neutralized) 

5. Base + 4 HC1 (All neutralized) 

Fio. L Absorption spectrum of HjN.CjH 4 .NH. CjH 4 .NH.C 4 H 4 .NH!. Curve 1, in 
water; curve 2, in presence of 1 mol, HC1; curve 3, in jjresence of 2 mol. HC 1 ; 
curve 4, in presence of 3 mol. HC1; curve 5, in presence of 4 mol. HCl. 

averages after allowing for contamination by the opposite isomer. The mean 
value a D per mm., ± 15*4°, compares well with that given by von Lang 
( 1872 ). In spite of this agreement it is not claimed that this value is maximal, 
owing to the possibility of intergrowth, but the latter factor can have little 




644 


W. C. G. Baldwin 


or no effect on the rotatory dispersion. The Drude equation expressing the 
dispersion is of one term, leading to an active wave-length at about 1404 A, 
a value which is in agreement with that expected. Little fundamental 
difference is introduced by the observations on symmetrical material in the 
dissymmetrical crystalline state, instead of those for asymmetrical molecules 
in solution. It seems certain that the same laws govern the dispersion for 
both crystalline and dissolved states, but a shift of the active wave-length 
from 1404 A for the sulphate crystals to 1870 A for the salt of Z-propylene- 
diamine in solution is notable. On the other hand, the value of A 0 for the 
cycZohexane-diarnine ion is almost identical with that for the ethylene- 
diamine salt. 


The application of Boys’s molecular model 

TO PROPYLENE-DIAMINE AND ITS SALTS 


It was mentioned in Part II that, according to the Boys model as applied 
to the —CH.(NH 2 )(CH 8 ) residue, the specific rotation of Z-propylene- 
diamine should show a reversal of sign on neutralization of the base. 
According to the data in the literature (Tschugaeff and Sokolov 1907 ) the 
dihydroohloride of the laevo-base gave [a]^ = — 4-04° and [M] D = — 59*35°, 
whereas the laevo-base itself had [a]^ = - 29*7°, The figure for the molecular 
rotatory power, —59*35°, is clearly a typographical error for — 5*94° ( but 
it has been found in a repetition of these measurements, that the laevo- 
dihydrochloride is in fact dextro-rotatory. The value found in the present 
work is identical in magnitude with that of Tschugaeff and Sokolov, but the 
predicted reversal of sign does in fact occur. This constitutes very strong 
evidence in favour of the molecular model under consideration, and indeed 
this work was begun with a view to clearing up the difficulty in finding a 
reason for the non-occurrence of the reversal of sign on ionization of the 
molecule. Carefully checked figures for this laevo-base and its salts are 
given in Tables VIII, IX and X, from which it is seen that the model 
explains the behaviour of the series with success as good as that found for 
the secondary butyl series, and enables the absolute configuration to be 
defined thus: 
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l * Propylene - diamine l - Propylene - dia mine ion 
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The largest group is above the plane of the paper. 
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The rotatory dispersion or Propylene-diamine and its salts 

The /-base at a concentration of 90-6% by weight in water gave 
[u) D ** —29*75°, df* « 0*883, and =» - 22 * 1 °, whereas Tschugaeff and 
Sokolov ( 1907 ) recorded several slightly differing values for the carefully 
dried base, the most probable mean of which is [<x\ D = —29*74° (±0*04° 
approximately), d\ h «* 0*8586 ± 0 * 0002 . The presence of 9*4% water there¬ 
fore does not affect the specific rotation, and for this reason the base was 
not subjected to the troublesome process of drying over sodium. 

The rotatory dispersion between 6708 and 3100 A can be accurately 
expressed by a two-term, four-constant Drude equation which leads to 
calculated active wave-lengths at 1900 and 1673 A. The expression given in 
Table VIII shows that the dispersion should be classed as quasi-anomalous, 
because the calculated anomalies fall outside the range of observations, as 
follows: reversal of sign at 1994A, maximum at 2150A. Although the 
dispersion was rather low, it was necessary to introduce four constants in 
order to obtain a reasonable analysis, but in view of the flexibility of such 
an equation the values cannot be regarded as accurate. They merely show 
the approximate regions of the spectrum in which the active frequencies 
lie, and also the fact that the large negative component associated with 
the lone pair absorption bands is, in this case, of higher frequency than the 
“residual rotation ” connected with the electrons of the CN and NH link¬ 
ages. This is in contrast to the behaviour with butylamine, although both 
are regarded as “normal” amines. 

The dispersions of the Z-dihydrochloride and of the Z-monohydrochloride 
are best expressed by equations of one and two terms respectively, with 
active wave-lengths at 1870 A in the first case, and at 1850 and 1600 A in 
the second. The value of about 1870 A common to all three forms, including 
the doubly charged ion, may be associated with the saturated electronic 
arrangements present in all three. Liberation of first one, and finally two 
basic groups with their associated lone pairs of electrons results in a pro¬ 
gressive increase in the induced dissymmetry centred at about 1650 A. 


Analysis op molecular rotations in the propylene-diamine series 

Assuming the validity of Boys’s model, some interesting deductions can 
be made from the results given in Tables VIII, IX and X. It is supposed 
that the first neutralization occurs predominantly at the lone pair in the end 
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position, since such a change causes no alteration in the Boys orientation of 
the model. The following scheme can then be constructed: 
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Z-Base 

(negative rotation) 


l -Monohy droohloride 
(negative rotation) 


LDihydrochloride 
(positive rotation) 


If now an almost unchanging dextro-rotatory core due to the saturated 
linkages be associated with all three forms, its effect will be superimposed 
on any induced dissymmetry due to the lone pairs of electrons, and the 
various contributions to the rotation can then be defined as follows: 


Table III. Approximate analysis of molecular rotations 

IN THE PROPYLENE-DIAMINE SERIES 


Base 


Mono-salt Di-salt 


-15*49 
-12*46 
5*94 

Total -22*01 


0*00 0*00 Lone pair (a) 

— 12-46 0*00 Lone pair ( 6 ) 

5*94 5*94 Fixed asymmetry 

- 6*52 5*94 


These figures can then be correlated with the values of the numerators Ri 
and UTii in the Prude equations, and the approximate agreement in magni¬ 
tude and sign between the ratios K\\jK\ and tiora ag ge t 

fixed contributions 

out in Table IV, confirms the general correctness of the analysis. 


Table IV 


From Drude 
equations 




Kit 

KixIKt 

Base 

3*2 

-10*3 

-3*2 

Mono-salt 

6*2 

- 8*5 

-1*4 

Di-salt 

1*9 

0 

0 


Lone pair 

Fixed 


contri¬ 

contri¬ 

Ratio 

butions A 

butions B 

A/B 

-28 

6 

— 4*7 

-12*5 

6 

— 2*1 

0 

6 

0 






Rotatory dispersion in the amine series 


647 


Table V. Rotatory dispersion of crysta ll ine ethylenediamine 

SULPHATE . 


Rotation per 

mm. (calc.) = ± 5- 14/(A'- 0-0107). 
Rotation/mm. 

A 0 s= 1404 A 

A 

Obs. 

Calc. 

Obs. — oalo, 

6708 

±121° 

± 11*9° 

0*2 

6104 

±14*6 

± 14*6 

±0*0 

6893 

± 15-4 

± 15*7 

— 0*3 

6780 

± 17*4 

± 16*3 

M 

5461 

±18*3 

± 18*4 

-0*1 

6219 

±20*3 

±20*3 

±0*0 

4811 

±24*1 

±24*3 

-0*2 

4722 

±26*2 

±25*2 

±0*0 

4678 

±26*8 

±26*8 

±0*0 

4368 

±30*6 

±30*2 

0*3 


Table VI. 

Rotatory dispersion of 1-1: 2-diamino-cpclohkxane 



MONOHYDROCHLORIDE 


C =s 

19-62 g. 

per 100 c.c. in water. 

L = 0*4953 dm.. 

t = 22° C. 


[ M ] = 

-3-155/( A* — 0-026). — 

13-64/A'. A 0 = 1613 A 

A 


WlobB. 

[^]calc. 


6708 


- 37*2 

- 37*8 

0*6 

6362 


- 43 0 

- 42*1 

-0*9 

6104 


- 46*5 

- 45*8 

-0*7 

5893 


- 48*2 

- 49*1 

0*9 

5782 


- 50*2 

- 51*0 

0*8 

5780 


- 50*5 

- 51*0 

0*5 

5700 


- 52*6 

- 52*6 

±0*0 

5461 


- 56*5 

- 67*3 

0*8 

5219 


- 63*1 

- 62*9 

-0*2 

5106 


- 65*7 

- 65*7 

±0*0 

4811 


- 74 0 

- 74*4 

0*4 

4722 


- 76*4 

- 77*2 

0*8 

4602 


- 81*5 

- 81*4 

-0*1 

4358 


- 90*5 

- 91*0 

0*5 

4204 


- 92*8 

- 93*9 

1*1 

4143 


—101*2 

-101*2 

±0*0 

4006 


-106*5 

-108*6 

2*0 

3012 


—114*2 

-113*9 

-0*3 

3784 


-122*0 

-122*1 

0*1 

3606 


-129*8 

-128*5 

-1*3 

3486 


-145*1 

-145-4 

0*3 

3329 


—160*8 

-160*3 

-0*5 

3176 


-177*1 

-177*3 

0*2 

3024 


* 195*8 

-197*6 

1*8 
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Table VII. Rotatory dispersion of Z-l: 2 -diamino-cfcxohexane 

DIHYDROCHLORIDE 

t — 24° C. c = 48'75 g. per 100 c.c. in water. L = 0-4903 dm. 

[M] = -9-30/(A»- 0-0205). A 0 = 1431 A 


A 

[^Tlobs. 

[A^jcaic. 

[itfjobB. “ [Af] ca lc. 

6708 

- 22-1 

- 21*7 

-0*4 

0302 

- 23*9 

- 24*2 

0*3 

6104 

- 26-3 

- 25*7 

-0*6 

5803 

- 28*3 

- 28*4 

0*1 

5782 

- 30*4 

- 29*0 

-0*8 

5780 

- 30-2 

- 29*7 

-0*5 

5700 

- 30*3 

- 30*6 

0*3 

5401 

- 33-5 

- 33*5 

±0*0 

5219 

- 37*0 

- 30*9 

-0*1 

4811 

- 44*0 

- 44*1 

0*1 

4722 

- 461 

- 45*9 

-0*2 

4391 

- 53*3 

- 54*0 

0*7 

4358 

- 56*1 

- 54*9 

-0*2 

4353 

- 55*0 

- 55*0 

±0*0 

4200 

- 59*5 

- 59*7 

0*2 

4131 

- 61-8 

- 01*9 

0*1 

4045 

- 64*9 

- 04*9 

±0*0 

3981 

- 68*0 

- 07*4 

-0*0 

3892 

- 71*9 

- 71*0 

-0*9 

3092 

- 79*6 

- 80*2 

0*0 

3547 

- 88-9 

- 89*3 

0*4 

3419 

- 90*0 

- 90*5 

-0*1 

3338 

—102*9 

- 102*4 

-0*5 

3230 

-110*0 

-111*0 

0*4 

3140 

-118*3 

-118*4' 

0*1 

3071 

-120*1 

-120*1 

±0*0 

2992 

-133*8 

-134*7 

0*9 

2913 

-144*4 

-144*1 

-0*3 

2824 

-157*1 

- 157*0 

-0*1 

2753 

-108*7 

-108*1 

-0*0 

2089 

-180*3 

-179*5 

-0*8 

2040 

-189*0 

-189*0 

±0*0 

2570 

- 203*5 

-204*3 

0*8 

2515 

-219*0 

-217*7 

-1*3 
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Table VIII. Rotatory dispersion op 1-profylknediamine in 

WATER AT 22° C. 


w * 

c ss 80-0 g. 
3*159/(A‘-0*0881)- 

per 100 o.o. (90-6 % by weight). 
10-305/(A*-00280). Ai = 1000 A. 

A u = 1673 A 

A 

Wo*. 

Mob B . 

[Alcaic. 


6708 

- 16-85 

-22*78 

-16-76 

-0*09 

0362 

- 18-64 

-26*06 

-18*79 

0*25 

6104 

- 20-47 

-27*68 

-20*52 

0*05 

6893 

— 22-01 

-29*75 

-22*13 

0*12 

6782 

— 23*07 

-31*19 

-23*01 

-0*06 

6780 

-22-93 

- 30*96 

- 23*04 

0*11 

6700 

-23*77 

-32*12 

- 23*77 

±0*00 

6461 

- 26*00 

-35*13 

- 26*08 

0*08 

6219 

-28*80 

-38*94 

-28*76 

-0*04 

6163 

-29-66 

- 40*05 

-29*64 

-0*01 

6086 

-30-40 

-41*06 

-30*42 

0*02 

4825 

-34*10 

-46*05 

- 34*24 

0*14 

4811 

-3416 

-46*13 

-34*48 

0*33 

4800 

-34*80 

-47*01 

-34*70 

-0*10 

4722 

-35*82 

-48*40 

-35*94 

0*12 

4705 

-36*15 

-48*83 

-36*21 

0*06 

4640 

-37*40 

- 50*60 

-37*37 

-0*03 

4697 

-38-00 

-51*36 

-38*18 

0*18 

4520 

-39*51 

-53*40 

-39*73 

0*22 

4496 

-40-20 

-64*37 

-40*20 

±0*00 

4358 

-43*18 

-58*38 

- 43*08 

-0*10 

4354 

-43*20 

-58*42 

-43*21 

0*01 

4236 

-46*05 

-62-20 

-46*05 

±0*00 

4148 

-48*30 

- 65*25 

-48*30 

±0*00 

3971 

-63*90 

-72-82 

-63*50 

-0*40 

3807 

-59*45 

- 80*38 

-59*17 

-0*28 

3668 

-64*62 

-87*40 

-64*66 

0*04 

3648 

- 70*40 

-95-15 

-70*20 

-0*20 

3428 

-76*38 

-103-1 

- 76*20 

-0*18 

3346 

-81*90 

-110*7 

-81*20 

-0*70 

3245 

-87*50 

-118*2 

-87*78 

0*28 

3136 

-95*85 

-129*5 

-96*85 

±0*00 

3056 

-100*6 

-135-9 

-102*8 

2*2 

2990 

-106-1 

- 143*5 

- 108*7 

2*6 
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Table IX. Rotatory dispersion op Z-propylbnepiamine mono¬ 
hydrochloride at 20° C. 


[M ]» 

c = 57-90 g. per 100 c.e. L 
6-23/(A» - 0-0342) - 8-53/(A 4 - 0-0256). 

= 0-4953 dm. 
AiSlSSOA. 

A, s 1600 A. 

A 

Reversal of sign (calc.) at 2400 A. 
Mobs. [AT] [AfJealc. 


6708 

- 4*99 

- 5*51 

- 5*12 

-0*39 

6362 

- 5-15 

- 5*08 

- 6*69 

0*01 

6104 

- 6*83 

- 6*45 

- 0*17 

-0*28 

6893 

- 6*90 

- 0*52 

- 6*63 

0*11 

6782 

- 6*21 

- 6*86 

- 0*87 

0*01 

5780 

- 6-35 

- 7-01 

- 0*88 

-0*13 

6700 

- 6-49 

- 7*17 

- 7*07 

-0*10 

5461 

- 7*01 

- 7*76 

- 7*69 

-0*07 

6219 

- 7*57 

- 8*37 

- 8*40 

0-03 

6086 

- 7*99 

- 8*84 

- 8*83 

-0*01 

4934 

- 8*37 

- 9*26 

- 9*38 

0*12 

4811 

- 8*80 

«— 9*80 

- 9*84 

0*04 

4800 

- 9*00 

- 9*95 

- 9*90 

-0*06 

4730 

- 9*07 

- 10*03 

-10*18 

0*15 

4722 

- 9*14 

-10*10 

-10*21 

0*11 

4078 

- 9*49 

- 10*49 

-10*39 

-0*10 

4576 

- 9*77 

-10*80 

-10*85 

0*05 

4358 

-10*85 

-11*99 

-11*90 

-0*09 

4326 

-10*47 

-11*58 

-12*08 

0*60 

4300 

— 11*10 

-12*33 

-12*17 

-0*16 

4107 

-11*80 

-13*10 

-13*30 

0*20 

3997 

-12*55 

-13*87 

-13*95 

0*08 

3738 

-13*95 

-15*41 

-15*69 

0-28 

3682 

-14*06 

-16*20 

-16*10 

-0*10 

3670 

- 15*35 

- 10*97 

-16*88 

-0*09 

3483 

-16*04 

-17*73 

-17*59 

-0*14 

3328 

-16*74 

-18*50 

-18*76 

0*26 

3248 

-17*79 

-19*60 

-19*42 

-0*24 

3080 

-18*84 

-20*82 

-20*50 

-0*32 
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Table X. Rotatory dispersion op laevo-propylenediamine 

DIHYDROCHLORIDE AT 20° C 


c - 20-19 g. per 

100 c.c. in water* t 

- 20° c. 

L = 6 dm. or 0*4963 dm. 

(M] = 

+ 1'801/<A*-A3), Al ' 

» 0*03487 

, A 0 = 1870 A. 

A 


[A/Jobs, 

t"W] C aU». ~ fAfJobs. 

6708 

+ 3-06 

+ 4*50 

-0*01 

6104 

3*75 

5*51 

±0*00 

5893 

4*04 

5*94 

0*02 

5780 

4*29 

0*30 

-0*08 

5700 

4*37 

6*43 

-0*01 

5461 

4*81 

7*06 

0*01 

5219 

5*28 

7*76 

0*08 

5106 

5*64 

8*30 

-0*05 

481 i 

6*50 

9*56 

-0*08 

4727 

6*68 

9*82 

0*05 

4722 

0*68 

9*82 

0*07 

4554 

7*35 

10*80 

±000 

4478 

7-03 

11*21 

0*03 

4358 

8*08 

11*88 

0*12 

4356 

8*08 

11*88 

0*15 

4307 

8*45 

12*42 

-005 

4128 

9*28 

13*64 

0*10 

3995 

10*09 

14*82 

0*10 

3869 

10*94 

16*10 

0*12 

3821 

11*5 

16*9 

-0*15 

3743 

11*75 

17*29 

0*41 

3714 

12*5 

18*4 

-0*3 

3656 

12*60 

18*52 

0*34 

3626 

13*5 

19*85 

-0*55 

3545 

14*5 

21-3 

-0*8 

3400 

15*5 

22*8 

0*3 

3384 

16*5 

24*3 

-0*9 

3314 

17*5 

25*7 

-0*9 

3244 

18*5 

27*2 

-0*7 

3146 

19*5 

28*7 

0*3 

2976 

24*6 

36*0 

-1*3 

2885 

20*5 

39*0 

-0*4 

2817 

28*5 

41*9 

±0*0 

2750 

30*5 

44*9 

0*7 

2694 

32*5 

47*8 

1*6 

2679 

34*5 

50*7 

-0*2 

2603 

37*5 

55*1 

1*5 

2666 

40*5 

69*6 

0*4 


Vol. CLXVI1. A, 
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Simple cyclic diamines 

Experimental values for the rotatory dispersions of l-trana-l : 2 -diamino- 
cyciopentane, and -cycZohexane have been recorded by Jaeger and co¬ 
workers { 1928 , 1937 ). Their data have now been analysed, and the results 
extended, in the case of the ct/ciohexane derivative, to include the two ionic 
forms. The rotatory dispersion of the cyciopentane compound can best be 
expressed by the equation: 

[a] = — 9*545/(A 2 — 003207) — 8*44/(A 2 ), A 0 « 1790 A. 

For the cyciohexane-diamine the equation adopted is 

[a] - -2‘924/(A 2 - 0*0350) ~9-28/(A 2 ), Ao - 1870 A. 

It must be emphasized that in both cases the values quoted for A 0 are upper 
limits, but it is possible to derive similar equations of equal merit, leading to 
smaller dispersion constants. From the behaviour on neutralization, and 
from the evidence of the above equations, it is not possible to take a clear 
decision as to the nature of these two bases. It seems probable that they are 
both of an intermediate type, i.e. that the dissymmetry dependent on the 
ring structure has only a small effect on the lone pair of electrons, but that it 
is nevertheless present. 


Experimental 

Triethylbutylammonium Bromide . Pure d-diethylbutyiamine and ethyl 
bromide were heated together in a sealed tube for 2 days. Combination 
between the two substances was not rapid, but a small quantity of crystalline 
quaternary salt was eventually formed. The substance had an extra¬ 
ordinary avidity for water, and this fact made complete purification diffi¬ 
cult. Recrystallization was effected by suspending the salt in boiling ethyl 
aoetate, and by adding alcohol dropwise until solution occurred. On cooling, 
the substance crystallized, and was dried over phosphorus pentoxide. A 
titration with silver nitrate showed the product to be essentially pure, but 
complete purity of the salt is not claimed owing to the experimental diffi¬ 
culty. In any case, possible impurities, being dextro-rotatory or inactive, 
would only lower the negative rotation, and for this reason, the argument 
set out above would not be vitiated. 

VPropylene-diamine. Thirty grams of specially purified di-hydrate were 
combined with two molecular proportions of d-tartaric acid (Baumann 
1895 ). Th e resulting salt was crystallized twenty times as two crops from 
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water, the second being crystallized from the mother liquor of the first, 
after 20 % evaporation. The ^-propylene-diamine di-acid tartrate was dis¬ 
tilled with aqueous alkali, and the distillate dehydrated by the usual 
methods. The final oil was analysed by titration for C 3 H 10 N 3 —found 90-6 %, 
or 800 g. of propylene-diamine per litre. This material had a specific rotation 
identical with the best values in the literature, given by Tsohugaeff and 
Sokolov ( 1907 ). 

l-Trans-l:2-ZWamtwo-cyclo^co:ane. The pure material was supplied 
through the kindness of Professor F. M. Jaeger, and after conversion into 
the dihydrochloride, crystallized from alcohol. 


The author wishes to express his gratitude to Professor F. M. Jaeger and 
to Dr F. G. Mann for gifts of some of the materials, to Dr C. B. Allsopp for 
his interest and helpful advice, and to the Chemical Society for a grant. 


Summary 

Variations in Drude equations for the rotatory dispersions, and changes 
in specific rotation, which occur on neutralization, are utilized for the 
detection of induced dissymmetry in the amino-radical of optically active 
bases. When the lone pair of electrons of the nitrogen atom becomes bound 
in any way, the partial rotation associated with it disappears. An attempt 
is made to explain the behaviour of a few exceptional bases whose rotatory 
powers contain no contribution which can be attributed directly to the lone 
pair of electrons. Such bases do not give the large alteration in specific 
rotation which is usually produced by ionization. 

The rotatory dispersion of crystalline ethylene-diamine sulphate is com¬ 
pared with that of Z-propylene-diamine, i-diamino-cyriohexane, and of their 
salts in solution. Measurements and analyses are given for these two 
optically active bases, as well as for their mono- and di-hydrochlorides. 
The results are interpreted in terms of Boys's molecular model, and the 
absolute configuration of Z-propylenediamine is defined. In spite of state¬ 
ments in the literature to the contrary, the sign of the specific rotation of 
this base is actually reversed on ionization, and this experimental fact 
constitutes strong evidence in favour of the proposed model. 

It is shown that the major contribution to the optical activity of Z-pro- 
pylenediamine may be attributed to the absorption bands associated with 
the two lone pairs of electrons in the molecule, Assuming the presence of 
an unchanging dextro-rotatory nucleus common to all three ionic forms, 
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an attempt to estimate the other contributions to the rotatory power and 
dispersion is made. 

The absorption bands between 2300 and 2000 A which are without 
exception common to all amines previously investigated are in the cases of 
/-propylenediamine and Lcycfohexane not optically active. The induoed 
dissymmetry is centred at wave-lengths between 1900 and 1400 A, and is 
associated with two groups of absorption bands in this region, one due to 
the lone pairs of electrons, and the other to the more saturated CN and 
NH linkages. 
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The molecular structures of carbon and silicon 
tetrafluorides 

By C. R. Bailey, J. B. Hale and J. W. Thompson 

The Sir William Ramsay and Ralph Forster Laboratories, 
University College , London 

(Communicated by C. K. Ingold , F.R.S.—Received 13 May 1938) 

The tetrahedral structure of the halides of Group IV is well established. 
The relation of the molecular constants to the force field governing the 
motion of the atoms is less certain; in particular, some difficulty has been 
found in reconciling the interatomic distances obtained by electron diffrac¬ 
tion with those deduced by other means. We have obtained certain of these 
molecular constants from an examination of the infra-red absorption spectra 
of gaseous carbon and silicon tetrafluorides. 

PREPARATIVE 

Carbon tetrafluoride was formed by the direct action of fluorine on 
carbon. The halogen was generated by the electrolysis of fused potassium 
bifluoride in a copper vessel, the anode being a graphite rod; the gas was 
passed through a hard glass tube packed with sodium fluoride and then 
through charcoal. A stream of dry nitrogen had been passed through the 
absorbents and the molten electrolyte for some hours. The resulting gas was 
condensed in a liquid air trap, and separated; after evaporation through 
silver nitrate solution to remove oxygen and silicon fluorides, and through 
soda-lime to remove hydrogen fluoride and C0 2 , it was again condensed and 
fractionally distilled, as far as was possible with the small yields obtained, 
over a small temperature range at about -130° C. 

Silicon tetrafluoride was prepared by heating a mixture of silica and 
calcium fluoride with 100 % sulphuric acid. The gas evolved was passed 
through a reflux condenser and a carbon dioxide-alcohol trap to remove 
S0 3 and hydrogen fluoride; it was condensed as a solid in liquid air and 
allowed to sublime at about - 90° C. 

Experimental 

The large Hilger D 42 spectrometer was fitted with quartz, fluorite, rock 
salt, and aylvine prisms for use in the appropriate spectral regions. The 

[ 655 ] 
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equivalent slit widths in cm . -1 are given in the tables of bands. Temperature 
corrections were applied where necessary. 

Results 

The general appearance of the spectra is indicated in fig. 1: the experi¬ 
mental data are summarized in Tables I and II, and the contours of certain 
of the individual bands are displayed in figs. 2 and 3. 


Tables I and II. The infra-red absorption spectra of carbon 

TETRAFLUORIDE (I) AND SILICON TETRAFLUORIDE (II) 



Centre 

Relative 




. - A 

r 

- s 

intensity at 

Slit 


Band 

w 

(cm.'" 1 ) 

5 cm. pressure 

width 

Prism 




I 



A 

3*935 

2541 

40 

34 

Fluorite 

B 

4*588 

2179 

30 

10 


C 

5*254 

1904 

28 

8 

>» 

D 

5*897 

1696 

19 

7 

» 

E 

6*515 

1535 

44 

6 

>» 

F 

7*363 

1300 

40 

4 

is 

G 

7*908 

1205 

100 

3 

*f 

H 

8*99 

1112 

79 

9 

Rook salt 

K 

11*04 

906 

52 

5 

»i 

L 

15*87 

630 

65 

4 

Sylvine 




II 



A 

4*287 

2332 

19 

12 

Fluorite 

B 

4*875 

2051 

29 

9 


C 

5*488 

1822 

37 

7 


D 

0*910 

1447 

1 

5 


E 

7*770 

1287 

47 

13 

Book salt 

F 

8*32 

1202 

97 

11 


G 

9*78 

1022 

100 

7 


H 

10*96 

912 

3 

5 


K 

11*93 

838 

46 

4 


L 

12*91 

775 

12 

3 


M 

15*50 

645 

1 

4 

Sylvine 


The individual bands 

Carbon tetrafluoride, fig. 2. 

Band/ C, 1904 cm. l . There are faint inflexions on eaoh side of the main 
peak separated by some 40 cm. -1 . 

Band D, 1696 cm. *. This is a complicated region of absorption with two 
main maxima at 1711 and 1696, and subsidiary maxima on the long-wave 





Percent, absorption 
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—►omr 1 

Fig, 2. Individual bond* of CF 4 . 
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side at 1681 and 1672cm.- 1 . 1681, 1606 and 1711 have been taken as P, Q> 
and R branches of a single band, since they are evenly spaced at intervals of 
16 cm.*" 1 . 

Band E> 1535 cm.” 1 . We have given this frequency as the centre of the 
absorption region, but the band is asymmetrical, and the short-wave 
maximum is the less intense. The most likely impurity 4n the conditions of 
experiment is C 2 F 6 ; and we are inclined to attribute the spread of some of the 
bands to the presence of this or a similar substance in small amounts. The 
most pronounced peak at 1516 is therefore taken as the band centre for the 
purposes of assignment. 

Band F , 1300 cm.” 1 . The intensity of this band together with its shape 
varied throughout the different samples examined, and we consider it as 
most likely due to traces of impurity. 

Band Q> 1205 cm.” 1 . This band is so intense that it is difficult to reduce the 
absorption below 75 %, and the best resolution is not obtained. It can be 
seen to be composite, and we place the two centres at 1205 and 1247. 

Band H } 1112 cm.” 1 . There are also signs of a weak band at 1152. 

Band K , 900 cm.” 1 . In spite of a theoretical resolving power of 5 cm .” 1 in 
this region, no signs of structure were found. It may thus be due to some 
other substance than CF 4 . 

Band L , 030 cm. 1 . P and R branches are found at 011 and 049 cm.*" 1 , 
with a small Q branch at 030. 

Silicon, tetrafluoride, fig. 3. 

The regions of absorption were generally narrow but intense. No structure 
was revealed in any of the bands, and it is hardly necessary to comment in 
detail on their individual shapes. Band F at 1202 cm .” 1 seems to be nearly as 
strong as 0 at 5 cm. pressure, but at about 3 mm, their respective relative 
intensities are 19 and 95, 


Assignments 

The infra-red spectrum of CF 4 was partially explored by Eucken and 
Bertram ( 1936 ) in an attempt to locate the fundamentals for a determination 
of the specific heat; two bands were found at 053 and 1360cm." 1 . Yost, 
Lassettre and Gross ( 1936 ) examined the Raman spectra of both substances: 
gaseous CF 4 gave one line at 904, and the liquid two additional lines at 035 
and 437 cm." 1 , whereas SiF 4 gave one line in both states at 800 omr 1 . 

The tetrahedral molecule YX A has high symmetry, and the nine possible 
vibrations are reduced by the degeneracy resulting from the isotropic 
motion to four. The classes with their spectral characteristics are taken from 
Placzek’s tables ( 1934 ) and given in Table III (a): Table III ( 6 ) has been 
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compiled to show the activities of the binary summation tones. R and 1 
denote hands active in the Raman effect alone, or in the infra-red alone, 
while RI bands are active in both. 



—►omr 1 

Fig. 3. Individual bands of SiF 4 . 


Table Ilia 

Class Mode Degoneraoy Aotivity 


Vi 

— 

R 



2 

R(p 

^6/7) 


3 

R(p 

= 6/7); I 


Table III 6 




V* 



B B 

BI 

BI 

»-,(«) 

B 

RI 

BI 

v»(Rl) 


BI 

BI 




BI 



560 C, R. Bailey, J. B, Hale and J* W. Thompson 

It will be seen that any band appearing in the infra-red spectrum must 
involve either or both v 3 and v 4 . 

The fundamental modes are shown in fig. 4; the representation of v 4 is 
somewhat different from that usually given, but it is found that in the solu¬ 
tion of the mechanical problem with symmetry co-ordinates the formulation 
here given is correct: furthermore, y 4 now bears the same relation to v % as 
y 3 does to v v 

Both spectra have one very powerful band which may be taken as the 
high-frequency F a mode: hence v z for CF 4 is Band 0 at 1265, and for SiF 4 is 
Band H at 1022 cm. -1 . The low-frequency F a mode v 4 for CF 4 is probably 
Band L at 630 cm. -1 : the corresponding band for SiF 4 is thus outside our 
experimental region. All four fundamentals are active in the Raman effect, 
and both substances as gases show one strong line which is probably the 



| u > 2 * W S 

Fig. 4, The vibrational modes of the tetrahedral YX^ molecule (only one 
component is shown for the degenerate oases). 

symmetrical mode A x \ we therefore take v x for CF 4 as 904, and for SiF 4 as 
800 cm. -1 . Liquid CF 4 gives in addition two lines at 636 and 437 cm.- 1 ; we 
follow Yost, Lassettre and Gross ( 1936 ) in allotting the first to y 4 , and the 
second to the degenerate bending vibration, p t% The band at 906 in the infra¬ 
red spectrum cannot be interpreted as a combination tone: and if the 
suggested structure and assignments are correct, must be ascribed to the 
presence of an impurity. C*F 6 and higher homologues are said to be formed 
when charcoal is used in the preparation, and avoided to some extent if 
lampblack is substituted. We found difficulty in getting the fluorine over 
and through the latter, and the pressure developed forced the gas back into 
the cell where explosions took place. The 8 iF 4 spectrum is free from awkward 
coincidences, but it is necessary to resort to comparison and calculation to 
estimate the approximate magnitude of v * and v 4 , A comparison of the ratios 
of the known fundamentals for the chlorides and fluorides of carbon and 
silicon places for the latter at c. 304 and at c. 447 cm." 1 . Inspection of 
the observed bands suggests that a better fit is obtained with v % m 260 and 
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i ' 4 = 420 cm. -1 . Fortunately the absolute magnitude of these frequencies is 
not critical in a discussion of the force constants. The combination tones are 
assigned on the basis of these values as in Table IV. 

Table IV. The assignments in the infra-bed and 
Raman spectra of CF 4 and SiF 4 


CF 4 SiF 4 


Mode 

' m 

R 

Calc. 

IR 

R 

Calc! 


ia 

437 

— 

ia 

(260) 

— 


630 

635 

— 

(420) 

— 

— 

f'l 

ia 

904 

— 

ia 

800 

— 


1265 

— 

— 

1022 

— 

— 

v t + v 4 

1112 

— 

1067 

645 

— 

(080) 


— 

— 

828 

776 

— 

(702) 

2 », 

1250 

— 

1262 

838 

— 

(840) 

+ V A 

1516 

— 

1504 

912 

— 

(940) 


1553 

— 

J534 

1202 

— 

(1220) 

*2+*3 

1696 

— 

1702 

1287 

— 

(1282) 

* + *4 

1904 

— 

1895 

1447 

— 

(1442) 

^1 + ^3 

2179 

— 

2169 

1822 

— 

1822 


2541 

— 

2530 

2051 

— 

2044 


— 

— 

2967 

2332 

— 

(2304) 


Agreement on the whole is satisfactory: two complicating factors exist 
whioh make the selection of any values as the actual band centres a some¬ 
what arbitrary proceeding for pentatomic molecules of tetrahedral sym¬ 
metry. Not only does the interaction between vibration and rotation 
(Teller 1934 ) alter the line spacing within a band and hence its contour, but 
the type of motion involved in r a and v t produces a degeneracy which has far- 
reaching consequenoes. For both of these modes (or their combinations) all 
states in which the vibrational quantum number n + 0 are degenerate: the 
weight of the nth state is given by g n = $(ro+l)(» + 2 ) (Dennison and 
Ingram 1930 ). To a first approximation these levels are coincident, but when 
the anharmonioity is taken into account, this degeneracy is partly removed. 
Thus 2 i' s or 2v t consists of three separate near-lying levels of degeneracy 3 ,2 
and 1 ; while a high overtone such as 4 f 3 would be made up of no less than 
seven bands. An extension of the argument to the mode v 3 +v 4 shows that 
this is ninefold degenerate with two triple states, and in addition one double 
and one single state (Johnston and Dennison 1935 ). The irregular envelopes 
of certain of the bands may perhaps be explained in this way. It should also 
be observed that for CF 4 , 2 v 4 (1264) = v s (1265), and quasi-resonance be¬ 
tween components of these two modes having the same symmetry is possible, 
although no direct evidence of this effect is obtained. 
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The force field 

The complete potential energy expression for a pentatomio molecule 
requires nine force constants for its specification. The symmetry of the 
tetrahedral model reduces them to five, but in the absence of data from 
isotopic molecules or of measurements of the internal moment of momen¬ 
tum, only four relations (the fundamental frequencies) are observable, and 
hence certain physical assumptions are necessary to restrict the number of 
force constants. The equations of motion corresponding to the complete 
expression were set up and solved by Miss Rosenthal (1934a); a formal 
simplicity is obtained due to an elegant choice of variables, but the solution 
of a number of simultaneous equations is required to relate the constants 
which appear to those of the original expression. In later papers (19346; 
1936) Rosenthal restricts the generality of the complete expression, and 
certain relationships obtained by her are used below. We have found that 
the best approximate representation of the force fields within CF 4 and SiF* 
is given by the potential energy expression devised by Urey and Bradley 
(1931) for the YX a molecule; this includes forces along the bonds, perpen¬ 
dicular to them, and along the lines joining like atoms, and is fully expounded 
by Urey and Bradley in their readily accessible paper. We will therefore 
oontent ourselves with defining the force constants for the valence, central, 
and Urey and Bradley systems, and with summarizing the results of 
applying the systems to the molecules in question. 

The valence force system. = a 2 V/dr 2 ; is defined by the potential 

4 

energy term ££ fc 2 r§ A 0 % with r 0 as the equilibrium value of the bond length 

r. V is the potential energy, and 6 an angular displacement perpendicular to 
the bond direction. For a valence system to hold, Rosenthal (19346) has 
shown that 

*W>V'* = (¥/ 2 )‘, (l) 

and *'! + !'!» (l/ 3 )M( 2 +]//t) + ( 2 / 3 )v!(l + 2/ i tt)] ) (2) 

where /ti * if/( 4 m + M), with M as the mass of the central atom T, and m 
that of the external atoms, X. Table V shows the measure of agreement. 

The data for silioane are the frequencies given by Stitt and Yost (1936). 
It will be seen that agreement is generally better the larger the central atom 
and the smaller the external atoms, so that within the experimental error 
the valence force may be said to be satisfactory for the hydrides. 

The central force system. K lt K t - (0*T/8g a ); and K' « -^Iq^.dVjdq, 
where q is the side of the tetrahedron. The solution was first given by Ttauu> 
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son ( 1925 ); as only three force constants are to be determined from four 
frequencies, it is possible to adjust them to give best agreement. The method 
is described in Dennison’s paper, and has been applied by Trumpy ( 1930 ), 
and by Schaefer and Kern ( 1932 ). It is hardly necessary to give details of 
the calculations and accompanying curves: the results are to be found in 
Table VI. 

Table V 




Equation (1) 



Equation (2) 





o/ " 

/o 

"l.h.s. 

R.H.S. 

0 / ' 
/o 


L.H.S. 

R.H.S. 

diff. 

(both x 10~ 4 ) 

diff. 

ch 4 

1*127 

1*061 

6 

1078 

1132 

— 5 

cf 4 

0*499 

0*452 

10 

197 

321 

— 39 

CC1 4 

0*409 

0*344 

19 

69 

130 

— 47 

SiH 4 

1*077 

1*146 

-7 

559 

575 

— 3 

SiF 4 

0*559 

0*636 

- 12 

122 

139 

-12 

SiCl 4 

0*470 

0*500 

-6 

42 

54 

-22 


Table VI. The force constants of the molecules CF 4 and SiF 4 


(Frequencies in cm. -1 ; force constants in dynes x 10’ s /c.m.) 


Obs. 

Valence 

Central 


U.B. 


cf 4 

Calc. 

% diff. 

Calc. 

% diff. 

Calc. 

% diff. 

904 

904 

0 

904 

0 

904 


0 

437 

437 

0 

. 423 

— 3*1 

437 


0 

1205 

1783 

42 

1265 

0 

1206 


0*1 

630 

600 

-5 

641 

1*7 

034 


0*3 



9*10 

K x 

3*08 


3*99 



k 2 

2*13 

K % 

1*51 

h 

0*07 




— 

K' 

— 2*00 

0 s 

0*73 


SiF 4 








800 

800 

0 

800 

0 

800 


0 

(200) 

280 

— 

200 

— 

300 


— 

1022 

1108 

14 

907 

— 5*3 

1022 


0 

420 

332 

— 9 

424 

1*0 

420 


0 



7-13 


4*95 

K* 

6*60 



h 

0*87 

A a 

0*55 

h 

0*57 





K' 

-0*84 

9z 

0*26 



The Urey and Bradley force system.. K t ; ) fc 2 ; and g 3 * 4nlcjq 0 n+i , where 
k t m — (? n+1 / w ) i^Vjdq) == (? B+1 /»\/®) (dV/dr) by the geometry of the model. 
It will be seen that K' and g s provide terms measuring the potential energy 
due to strain within the molecule arising from the repulsion of the like 
atoms, and here assumed proportional to an inverse power (n » 6 ) of the 
distance: the marked success of this system in describing the structure of 
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CP 4 and SiF 4 justifies the assumption. The frequency expressions will be 
found in the original paper. 

Interatomic distances 

A collection of pertinent data has been made in Table VII. The following 
remarks apply: K, in dynes x 10 5 /cm., is taken from Urey and Bradley’s 
paper for CC1 4 and SiCl 4 , from Sutherland ( 1938 ) for the methyl halides, 
from the vibrational frequencies for the diatomic cases, and for CF 4 and SiF 4 
from the present work; the molecule CC1 has recently been identified by 
Asundi and Karim ( 1937 ); the electron diffraction value for the fluorine 
molecule is due to Brockway, cited in a paper by Gamer and Yost ( 1937 ); 
the abbreviations signify electron diffraction (ED); interatomic distance 
(r), determined by the Badger rule (J3), determined from the rotation- 
vibration spectrum ( S ); and the Pauling-Huggins radius sum (PH) as 
recently corrected by Pauling and Brock way ( 1937 ). 

Table VII 


Interatomic distance, r 


Link 

Molecule 

K 

ED 

B 

S 

PH 

C—F 

CH a F 

5-8 

1*42 

1*34 

1*38 

1*41 

C—F 

cf 4 

4-0 

1-36 

— 

— 

1-41 

C—Cl 

CH a Cl 

3*6 

1*77 

3*69 

3*66 

1-76 

C—Cl 

CC1 4 

1*7 

1*76 

— 

— 

1*76 

C—Cl 

CCl 

3*7 

— 

1*68 

— 

1-76 

Si—F 

SiF 4 

5*6 

1*64 

1*59 

— 

1-81 

Si—F 

SiF 

4*9 

— 

1*62 

— 

1*81 

Si—Cl 

SiCl 4 

2*6 

2*02 

2-02 

— 

2*16 

Si—Cl 

SiCl 

2*6 

— 

2*01 

— 

2*16 

F—F 

F« 

— 

1*46 

— 

— 

1*28 

Cl—Cl 

Cl, 

3-3 

1*98 

— 

1*98 

1*98 


The relative values of the force constants for the first four molecules may 
be taken to confirm the existence of strain in the tetrahalides. The difficulty 
of reconciling the interatomic distances as determined by electron diffraction 
in the cases of methyl chloride and carbon tetrachloride was pointed out by 
Badger ( 1935 ), and has been the subject of a recent enquiry by Sutherland 
( 1938 ). On the whole the spectral evidence indicates a stretched link in 
CC1 4 : if Sutherland’s separation of P 66 A is accepted, the normal Cl radius 
should be 0*89 A instead of the Pauling value of 0*99. In this respect it is 
interesting to compare the Cl radius in the following compounds (the normal 
radius for the other element concerned being used in each case): CH a Cl ($) 
0*89, CCl (B) 0*91, COCl a (ED) 0*91, PC1 S (ED) 0*92, PSC 1 3 (ED) 0*91, 
GeCl 4 (ED) 0-89, SnCl 4 (ED) 0*90, HC1 (S; H - 0*37) 0-90 A. 
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It is much more difficult to say anything with certainty about the 
fluorine radius. The electron diffraction values for this length vary throughout 
compounds in which no double bond formation is presumed; we have the 
following for r: F 2 0-73, F 8 0 0*70, CH 3 F 0*65, BF S 0*63 (if we use the boron 
radius of 0*67 first estimated by Bailey, Hale and Thompson ( 1937 ), or if, as 
Bauer ( 1938 ) insists, we use B « 0 * 86 , then F * 0*44), AsF 3 0*52, and 
PF 8 0*46. It is tempting to say that the discrepancies are due to the high 
electronegative nature of fluorine, but it is not always easy to predict the 
consequences. There are nevertheless two competing phenomena which are 
of interest to us in this connexion: high ionic states such as may occur in 
CF 4 (see below) tend to increase the size of the fluorine atom at the expense 
of the carbon, and so may bring into prominence the repulsion between the 
external atoms; on the other hand the same ionic states render possible 

:F: 

contributions from such structures as :F: : O and : FT, providing some 

:F: 

double bond character. As the shortening on the PH radii in CF 4 is accord¬ 
ing to electron diffraction some 15%, and the maximum contribution for 
complete double bond formation is 10 %, the explanation is not complete. 
What is reasonably certain is that the force constants show the existence of 
strain in CF 4 and CC1 4 as compared with the methyl halides, and that in this 
respect the findings are opposed to those of electron diffraction. 

The Badger relationship applies to unstrained bonds: Urey and Bradley 
showed that by connecting for strain the force constant for CC1 4 could be 
improved, and estimated that the observed C—Cl distance in this compound 
should be about 0*2 A greater than in the unstrained link, a calculation 
confirmed as to order by Badger ( 1935 ) and by Sutherland ( 1938 ). In 
SiCl 4 and SiCl the force constants are in close agreement. It therefore seems 
that the interatomic distance calculated by the Badger rule cannot be far 
from the truth, and that a double bond involving the unoccupied d orbitals 
of the Si atom results in an interatomic distance of 2*02 A, slightly less than 
that calculated for Si * 1*17, Cl = 0*89, i.e. 2 06. Both 8 iF and SiF 4 seern to 
have double bonds, but the electron diffraction value for the SiF link is so low 
that it would be Of great interest if it were confirmed. 

Mulliken ( 1935 ) gives an empirical equation by which the internal 
polarity of a YX n molecule may be determined: it is 


Qxh - (Px-Pr)IS-(P X -Pr) s l*»- 
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The P’s are the electronegativity values of the corresponding elements as 
they appear in the scale devised by Pauling ( 1932 ), while Q is the actual net 
charge. Mulliken finds that it is only in CBr 4 and CI 4 that a real approach 
is made to electron pair bond formation; he shows CH 4 to be represented 
very approximately by C~°' 7 a (H +0 ' 18 ) 4 , CC1 4 by C WW, (C1"“°‘ U ) 4 , and CP 4 by 
C +v*b( F ~o.«) 4 . In addition, we calculate SiH 4 as Si-° a (H+ 00 % SiF 4 as 
Si +a, 0 (F“0 ,fi0 ) 4 , and SiCl 4 as Si + 10 (Cl“ 0 26 ) 4 . For silicane electron pair bonds are 
also a good approximation: the obedience of silicane to a valence force 
system, and the considerable departure from additivity in the radii of SiF 4 
and SiCl 4 with the consequent failure of the valence force system for those 
two compounds are in accord with the position of silicon as considerably 
more electropositive than carbon on Pauling’s scale. Since the measure of 
electronegativity used is related to the deviation of the heats of linking from 
covalent additivity, we see that the small interatomic distance for SiF 4 runs 
parallel to the high force constant and large heat of formation. It would thus 
be a fundamental procedure to construct curves of atomic radii for elements 
on the basis of the relative electronegativity of their partners. 

Summary 

The infra-red absorption spectra of gaseous CF 4 and SiF 4 have been 
examined between 1 and 18 // with a prism spectrometer. Data obtained for 
the Raman spectra by other workers have helped in the assignment of 
fundamental modes and combination tones. The Urey and Bradley force 
system provides a satisfactory picture of the two molecules, and the force 
constants for this and other systems have been calculated. The molecular 
structures are discussed with particular reference to the interatomic dis¬ 
tances and extent of electron pair bond formation. 
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The band spectrum of lead fluoride (PbF). II 

By G. D. Rochester, Ph.D. 

University of Manchester 

(Communicated by W. E . Curtis , F.R. 8 .—Received 21 May 1938 ) 

[Plate 19] 

Introduction 

This investigation was undertaken to explain the apparently conflicting 
band-spectral evidence for the nature of the ground states of the diatomic 
germanium, tin and lead halides. Investigations of the band spectra of the 
germanium and tin monohalides by Jevons (1926, 1937), Jenkins and 
Rochester (1937) and others show that the ground states of these molecules 
are doublets of the electronic type a n, with 2 n| — 2 II^ separations of approxi¬ 
mately 1000 cm.*" 1 for the germanium compounds and 2400 cm." 1 for the 
tin compounds. Ground states of the type 2 II are predicted by theory if it is 
assumed that the molecules are formed from unexcited metal and halide 
atoms. The spectra of the lead monohalides, of which that of PbF is typical, 
apparently do not show doublet multiplicity, only one system (. 4 *) being 
found (Part I, Rochester, 1936). Morgan (1936) observed this system in 
absorption, and suggested that the apparent absenoe of a second com¬ 
ponent system (A 2 ) was due to the magnitude of the doublet separation in 
the ground state. He pointed out that if the doublet separation was as large 


Vo*, clxvii. a. 
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as 7000 cm." 1 system A % would not occur in absorption but could occur in 
emission and would lie in the near infra-red region. 

In the ultra-violet region of the spectrum the germanium and tin mono¬ 
halides have intense systems of the type 2 E *11 and it is to be expected that 
the spectrum of PbF will have similar spectra in the same region. The follow¬ 
ing paper gives an account of the results of a search for these spectra. 

Experimental* 

The absorption spectrum of PbF was photographed in the first order of a 
30,000 lines per inch, Al-eoated, concave grating, the property of the 
Department of Physics, the University of California, Berkeley. The plates 
were taken as part of a series of investigations of the ultra-violet absorption 
spectra of metal halides. As already described by Jenkins and Rochester 
( 1937 ) the substances investigated were placed in carbon tubes in a carbon- 
tube furnace, the temperature of which could be varied continuously from 
room temperature to 2000 ° C. PbF vapour was produced by heating a few 
grams of lead fluoride (PbF a ) in the furnace to temperatures ranging from 
600 to 1500° C. Details of the furnace, the source of continuum, photographic 
plates, and exposure times were as given in the former paper. 

The study of the emission spectrum of PbF was carried out at King’s 
College, Newcastle-upon-Tyne, with Hilger quartz spectrographs, a dis¬ 
charge tube and a high-frequency oscillator of the types described in Part I. 
Care was taken to obtain spectra as free as possible from SiF bands, a 
troublesome “impurity” caused by the chemical action of the hot lead 
fluoride on the silica walls of the discharge tube. 

A preliminary survey from 2300 to 6000 A with the small quartz spectro¬ 
graph showed that the emission spectrum was similar to the absorption 
spectrum except for a group of bands at 3700 A and a strong continuum 
stretching from 2800 to 3800 A. The band spectrum was photographed with 
a Hilger El spectrograph (dispersion 9 A/mm. at 3700 A), in 3 hr. on a 
“Monarch” plate. 

Measurements of the band heads were made with a comparator and were 
reduced to wave-lengths using iron-arc wave-length standards and methods 
of reduction appropriate to the type of spectrograph. The heads photo¬ 
graphed in absorption were very sharp, and sinoe the dispersion of the grat¬ 
ing was large (1-3A/mm,), quite accurate measurements were made. 
Measurements of the same intense heads made on different grating plates 
seldom differed by more than ± 0-1 cm." 1 . The values given in the tables are 
usually the mean of several measurements from different plates. The wave 
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numbers of the heads photographed with the E1 spectrograph are accurate 
only to ± 1*0 cm," 1 , however, because of the presence of a strong continuum 
which made exact setting difficult* Intensities were assigned visually on a 
0-10 scale. 


DESCRIPTION OF THE SPECTRA 

Photographs of the spectra illustrating their main features are reproduced 
in Plate 19. Plate 19 (a) shows the absorption spectrum at a furnace tempera¬ 
ture of 900° C. and Plate 19(6) the emission spectrum. Both spectra were 
photographed with the small quartz spectrograph, the former on a Kodak 
“I.O.U.-V.” plate and the latter on an Ilford “Monarch” plate. It is seen 
that the most notable features of the absorption spectrum are groups of 
bands, degraded to shorter wave-lengths, at 2200 and 2750, and an intense 
continuum extending from 2350 to 2650 A. No other bands occur below 
4000 A. Raising the temperature of the furnace causes the groups of bands 
and the continuum to extend a little towards longer wave-lengths. Usually, 
at high temperatures, the absorption in the ultra-violet is so intense that no 
bands can be seen below 3300 A. 

The emission spectrum is seen from Plate 19 ( 6 ) to consist mainly of an 
intense continuum extending from 2800 to 3800 A (upper limit uncertain), 
and groups of lines and bands. Most of the lines belong to the elements lead 
and silicon and the bands to SiF (Johnson and Jenkins 1927 ), but the groups 
of bands at 2800 and 3700 A are due to PbF. The continuum is also definitely 
not due to SiF and must therefore be ascribed to PbF. 

Because of the rapid fall in the sensitivity of the photographic plate 
below 2400 A it is not possible to say whether the 2200 A group of bands 
occurs in emission. 

Plate 19 (c) and ( d) show in greater detail the appearance of the bands in the 
2700 and 2200 A groups, in absorption, and Plate 19 (e) the appearance of the 
bands of the 3700 A group in emission. It is seen that most of the bands are 
double-headed and have long intense Q branches and short intense P 
branches. Well-resolved rotational structure is easily seen in several bands 
belonging to the 2700 A group. 

Vibrational analyses 

All the absorption bands with the exception of three weak bands have 
been fitted into five systems (designated B v C\ D, E, and F) } and all the 
emission bands into one system (B % ). The systems B v C % D, E, and F have as 

36-2 
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their lower electronic states the ground state (XJ which is also the lower 
state of system A v The v" numeration has therefore been made by comparing 
the observed values of AG(v" + j) with those of system A v The v' numeration 
has been made from a study of the intensity distributions. Vibrational 
constants of the electronic states have been derived in the usual way from 
graphs of AG(v+ $); (v+1). 

System B 2 (3565-3795 A) 

This system occurs only in emission and consists of six double-headed 
bands degraded to shorter wave-lengths. Tables la and 16 show in square 
array the wave numbers of the band heads and the intensity distribution. 
To within the accuracy of measurement the wave numbers of the Q heads are 
represented by the formula 

v = 27377 + 612-8(i/ + \) - 3-42(i>' + £) 2 

- 531 • l(v” + $) + l-50(t>' + J) 2 . 

The vibrational constants of the upper state are taken from system 
B v 0. — C. values are given in Table VII. 

The absence of bands with v' > 1 iB noteworthy and indicates that the 
upper electronic state of this system is crossed by a repulsive state at v' =» 2. 


Table la. System B 2 


\t?* 

t>'\ 


0 


1 


2 


3 

I 

p 

27,410 

528 

26,882 

524 

26,358 



0 


8 


8 


6 




Q 

418 

528 

800 

526 

364 





003 




605 





604 




607 




P 

28,013 




26,063 

520 

26,443 

1 


0 




8 


7 


Q 

022 




071 

521 

450 



Table 16. 

System B 2 . 

Intensity distribution 




\ v * 

v '\ 

0 

1 

2 

3 





0 

10 

5 

2 


* 




1 

3 


3 

2 




System B t (2665-2925 A) 

System B t , which appears strongly at all temperatures from 700to 1500° C., 
is the largest system occurring in absorption. It consists of fifteen double- 
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headed bands degraded to shorter wave-lengths. The average wave- 
number difference v Q - v P is 7 cm." 1 being approximately the same as for the 
bands of system J5 3 . The Deslandres’ scheme is given in Table IIa and the 
intensity distribution in Table II 6. As is shown in Table VII the wave 
numbers of the Q heads are represented accurately by the formula 

v ~ 35642*8*f 612-8(??' 4- 4) “ 3-42(i>' 4* 4) a 
- 507-2(i>' + 4) 4- 2-30(t>' + 4) 2 . 

The intensity distribution is such as would be expected from the Franck - 
Condon principle for the observed (o' - (o" difference. Several bands, notably 
the 0,0; 0,1; 0, 2 and the 1,0 bands, have well-resolved Q branches extending 
a considerable distance from the head. Some 80 rotational lines of the 0,0 
band and 40 lines of the 1,0 band have been measured and give average 
second differences of 0-040 and 0*036 cmr 1 showing that B' — B" is ap¬ 
proximately 0*019 cm.” 1 . No clearly resolved rotational structure is ob¬ 
served in bands having v r > 1. 

The 0,0; 0,1 and 1,0 bands of this system are observed in emission 
(vide Plate 19(6)). 


Table II a. System B t 


A 


0 


1 


2 

3 


4 

5 


P 

35,688-4 

502*3 

35,186*1 

497*8 

34,688*3 

— 






7*6 


7*2 







0 i 

Q 

690*0 

502-7 

198-3 


— 

34,199*2 






005-0 











605*7 





608*3 





P 

36,293*4 





34,801*0 

489*9 

34,311*1 




8*3 





6*5 


6*6 


1 

Q 

301*7 





807*5 

489-8 

317*7 




598*9 







509*3 




509*3 







598*6 



p 

36,892*3 

503*1 

36,389*2 

496*0 

35,893*2 



34,910*4 — 

— 



8*7 


7*7 


6*8 



5*9 


2 

Q 

901*0 

504*1 

396*9 

496*9 

000*0 



916*3 483*4 

34,432*9 



591*0 


592*8 







3 

Q 

37,402-0 

503*2 

36,989*7 



36,001-6 







Table II6. 

System B v 

Intensity distribution 



v 

0 

l 


9 

10 

7 

2 
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System C (2570-2690 A) 

This i8 a system of weak absorption bands lying between system and 
the continuum. The bands are grouped in sequences, as shown by the 
square arrays in Tables Ilia and III b. Most bands have only one head, 
presumably a Q head, but three of the strongest bands have P heads as well 
as Q heads, the Vq — ^difference being approximately 10 cm." 1 . The numera¬ 
tion has been chosen to make the sequence having the strongest bands the 
0 sequence. With this v' numeration the Q heads of all bands exoept the 
weakest are represented to within an error of ± 1 cm.” 1 by the formula 

v » 38046 + 504-0(0' + \) - 2-50(t/ + £) 2 


- 507*0(r ff + i) + 2*30(f/' + 

At all temperatures the bands in this system are very diffuse, suggesting 
that the upper electronic state is strongly predissociated. 


Table Ilia. System C (Q heads) 



38,176 

499 

37,677 

497 

584 


585 


38,760 

498 

38,262 

493 



574 




38,836 

488 


3 4 5 


37,180 

589 

37,769 

579 

38,348 489 37,859 

574 

38,433 485 37,948 

572 
38,520 


Table III 6. System ( 7 . Intensity distribution 


V* 

w'\ 

1 

2 

3 

4 

5 


1 


0 

0 


2 


1 

2 

0 


3 


0 

2 

2 



1 

1 0 
0 


System D (2245-2305 A) 

System D consists of three bands with single sharp heads. It appears first 
at a temperature of 1000° C. and is intense at a temperature of 1400° C. 
o/ e is approximately equal to 600 cm." 1 and a to 505 cm." 1 (vide Table IV), 
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Table IV, System D (intensities in brackets) 


V* 

t/\ 

o 

1 


0 


43,863 (2) 
597 

44,460 (2) 


1 

503 43,360 (1) 


System E ( 2120-2250 A) 

System E , the main system in the extreme ultra-violet region, appears at 
relatively low temperatures (i.e. at low vapour pressures), and consists of a 
group of intense bands degraded to shorter wave-lengths. A photograph of 
the system at a temperature of 1000° C. is reproduced in Plate 19 (d). The 
Deslandres’ scheme and the intensity distribution are given in Table V, the 
intensity distribution being consistent with the fact that the system 
appears at low temperatures. Wave numbers are given to whole numbers 
only, because of the unfavourable wave number: wave-length ratio in this 
region. The v” assignment has again been made by comparing the lower state 
first differences with those of system A x and the v assignment from the 
intensity distribution. It is seen that bands in the v" progression with 
v ' = 0 have double heads, whilst all other bands in the system have single 
heads. Consideration of a possible explanation of this is deferred until later 
in the paper. Because of the uncertainty in the value of x' e a)' e a formula for 
the wave numbers of the band heads is not given. There is little doubt, 
however, that the vibrational constants of the lower state are the same as 
those of the lower state of system A x and that oj' e is approximately equal to 
505 cm.- 1 . 


Table V. System E (intensities in brackets) 


\v' 

v\ 

0 

* 

1 

2 


45,415 

502 

44,913 

498 44,415 


17 


20 

21 

0 j 

432 (8) 

498 

933 (3) 

497 430 (0) 


561 



563 

i ! 

45,993 (10) 



44,999 (1) 


560 




2 

46,553 (5) 
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3 

47,122 (1) 





3 


46,056 (0) 
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System F (2060-2130 A) 

This system, lying between system E and the limit of the transmission of 
air, contains four bands with single sharp heads. It is observed only at 
relatively low temperatures and low vapour pressures. The lowest state is 
the ground state and therefore has the same vibrational constants as the 
lower state of system A v o/ e is seen from Table VI to be approximately equal 
to 630 cm," 1 . 


0 

1 


Table VI. System F (intensities in bbackets) 

0 1 2 


47,927 (2) 605 47,422 (2) 499 46,923 (0) 

628 

48,566 (1) 


The Continua 

Two broad continua are observed, one in absorption, having a maximum 
at 2440 A, and the other in emission with a maximum at 3050 A. The 2440 A 
continuum appears first at 700° C., at which temperature it extends from 
2400 to 2500 A (estimated to half-absorption at either limit). With increasing 
temperature and therefore increasing lead fluoride vapour pressure, the 
continuum increases in width and intensity roughly in proportion to the 
increase in the intensity of the band systems with temperature. No useful 
purpose would be served by giving the observed width of the continuum at 
different temperatures because it is not possible to allow for the change in 
the vapour pressure with temperature. When the vapour pressure is high 
absorption in the ultra-violet region below 3200 A is complete. Up to the 
present no assumption regarding the origin of the continuum, i.e. whether it 
is due to the triatomic molecule PbF* or the diatomic molecule PbF, has 
been made. The fact of the variation of the intensity of the continuum with 
the intensities of the band systems favours its ascription to the molecule 
PbF. If this assumption is correct it follows that the continuum must be due 
to a transition from the stable lower state common to all the systems found 
in absorption, i.e. to A v B v C, D, E } and F, and an upper repulsive 
state. 

The 3050 A continuum extends from approximately 2950-3250 A. As 
stated earlier in the paper it must be ascribed definitely to the molecule 
PbF and not to PbF 3 . This continuum must be due to a transition from an 
upper stable state to a lower repulsive state. 
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The intebpeetation op the spbotbitm 


The close similarity of the electronic structures of PbF to those of the 
monohalides of germanium and tin suggests, as stated in the Introduction, 
that the ground state of PbF is a 2 II state with an extremely large multiplet 
separation. The level X x common to all PbF absorption bands, is identified 
as the lower level of this multiplet state. To find the upper level of the 
ground state the emission spectrum must be examined for a wide doublet 
system the lower states of which have the same vibrational constants as the 
level X v System B is seen to be such a system for its component systems, 
B x and B t , have the same upper state vibrational constants and almost the 
same lower state vibrational constants. Thus if state B is single (i.e. is a a £ 
state), or has a narrow multiplet structure (i.e. is a 2 A state), the difference 

y e (l3 x )-v 9 (B % ) 




Fig. 1. Stable electronic states of PbF. 


gives the width of the ground state. For two reasons it seems probable that 
system B is a *2 - *11 system, first, because of the relative intensities of the 
P and Q branches, the Q branches being approximately twice as intense as 
the P branches, and secondly, because of its analogy to the strongest systems 
of the germanium and tin monohalides. It follows that the ground state has 
a width of 8270cm.” 1 —the largest yet recorded. System A x is then, as 
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System B t 


I 

v (cm," 1 ) 

O.-C. (cm.** 1 ) 

Classification 


20,358 

* 

0,2 P 

2 

364 

*1 

0.2 0 


26,443 


1,3 P 

2 

450 

2 

1.3 Q 


26,882 


0,1 JP 

5 

800 

0 

0,10 


20,903 


1, 2 P 

3 

971 

1 

1.2Q 


27,410 


0,0P 

10 

418 

1 

0,0 0 


28,013 


1, OP 

3 

022 

-1 

i,oo 



System B x 


0 

34,199*2 

-2*2 

0,3 0 


34,311*1 


1,4P 

1 

317*7 

— 0*8 

1,40 

0 

34,432*9 

— 0*5 

2,8 0 

3 

34,688*3 


0, 2P 


34,801*0 


1,3 P 

3 

807*5 

+ 0*2 

1.30 


34,910*4 


2,4 P 

1 

34,916*3 

-1*3 

2,40 


35,186*1 


0,1 P 

8 

193*3 

+ 0*5 

0,10 


35,088*4 


0,0P 

0 

096*0 

+ 0*6 

0,00 


35,893*2 


2, 2 P 

2 

900*0 

+ 0*2 

2,20 

1 

36,001*0 

+ 2*9 

3,30 


36,293*4 


1,0P 

10 

301*7 

+ 0-4 

1,00 


30,389*2 


2, IP 

5 

306*9 

-0*9 

2,10 


30,892*3 


2, OP 

7 

901*0 

+ 0*0 

2,00 

3 

36,980*7 

-0*4 

3,10 

2 

87,492*9 

+ 0*2 

8,0 0 



System C 


0 

37,180 

— 5 

1,80 

1 

37,077 

-1 

1,20 


37,759 


8,8P 

2 

769 

0 

8.30 


37,849 


3, 4P 

1 

859 

0 

3.4 0 

0 

37,048 

-1 

4.0 0 
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Tables VII ( continued) 


0 

38,176 


0 

1,10 

2 

38,262 


0 

2,2 Q 


38,341 



3,8 P 

2 

348 


0 

3,3 0 

1 

38,433 


0 

4,4 0 

0 

38,620 


2 

5,6 0 

0 

38,700 


0 

2,10 

0 

38,836 


— 7 

8,2 0 



System D 



1 

43,300 



0,1 

2 

43,863 



0,0 

2 

44,460 



1,0 



System E 




44,415 



0, 2 JP 

0 

436 



0,2 0 


44,913 



0, IP 

3 

933 



0, 10 

1 

44,999 



1,2 0 

0 

45,055 



2,3 0 


45,415 



0,0P 

8 

432 



0,00 

10 

45,993 



1,0 0 

5 

40,653 



2,00 

1 

47,122 



3.00 



System F 



0 

46,923 



0,2 

2 

47,422 



0, 1 

2 

47,927 



0, 0 

1 

48,556 



1.0 


Morgan ( 1936 ) suggested, the high-frequency component of a *d- 2 II 
system analogous to the l A — *n system found in the spectrum of SnCl 
(Ferguson 1928 ). The width of the ground state being known it is possible to 
calculate approximately where system A t should lie, for 


vMi) - vMJ-AvSX) 

- 22,600-8300 cm ." 1 

- 14,300 cm- 1 . 

System A t should therefore lie at about 7000 A and by analogy with system 
A l should oonsist of bands with line-like heads degraded to longer wave¬ 
lengths. 
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Table VIII. Unclassified bands 

I v (cm.* 1 ) 

1 47,707 

1 47,780 

1 48,802 

Bands of system C have double heads which are presumably P and Q 
heads. Consequently state C must be either a a S or a state. Bands of 
systems D and F have single heads showing that the states D and F must be 
of the electronic type 2 II. 

Numerous examples of predissociation occur in the spectrum, and it is 
of interest to consider what information they give of the unstable states of 
PbF. It may be recalled that system has a sharp cut-off at the level v' « 1 
and that this was interpreted as showing that a repulsive curve crosses 
state B at v* =» 2. Since this state is also the upper state of system B x this 
system should show, in emission, the same cut-off as system J? 2 . No cut-off 
should be observed in absorption, but the bands with v > 1 should have 
diffuse rotational structure. The only photograph available to test this point 
is the one reproduced in Plate 19 ( b ) which shows only three bands of system 
B v namely the 1,0; 0,0 and 0,1 bands. Further work on the emission 
spectrum of system B x is therefore desirable. In agreement with expectation 
comparison of the rotational structure of absorption bands having v' > 1 
e.g. the 2,0 and 3,0 bands, with those having v f < l,e.g. the 1,0; 0,0; 0,1 and 
0,2 bands, shows that bands in the second group only have clearly resolved 
rotational structure. 

State C must be strongly predissociated because all the bands of system C 
are diffuse. The repulsive state responsible for the predissociation of state C 
may be the upper state of the 2440 A continuum. 

Whether or not state E is predissociated depends upon the interpretation 
of the double-headed bands of system E . It will be recalled that all the 
bands of this system having v' » 0 have double heads whilst all bands having 
v* > 0 have single heads. The separation of the heads forming a double¬ 
headed band is approximately equal to 20 cm." 1 . The magnitude of this 
separation and the appearance of the heads suggests that the double heads 
are P and Q heads and that the other heads are Q heads. 

If these assumptions are correct it is natural to assume that predissocia¬ 
tion of state E is responsible for the absence of P heads from the bands 
having v' > 0. Predissociation phenomena of a similar kind are occasionally 
observed in emission spectra but not in absorption spectra. Thus in the 
Fulcher bands (a transition), all bands for which have 
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normal P, Q and R branches while those bands for which v f > 3 have only Q 
branches. Dieke ( 1935 ), from a study of the analogous systems of the iso¬ 
topic molecules HD and D a , showed that the absence of the P and R 
branches from certain bands was caused by the predissociation of the “c” 
levels* of the 3p 3 II state into an overlying continuum belonging to the 
3f> 3 2 state. A similar explanation cannot be used in the present case, 
however, for all the bands in system E are absorption bands whose initial 
level is the stable unpredissociated ground state ( X x ), Now if the double 
heads are P and Q heads state E must be either a or a 2 A state and of these 
statesonly the latter can have ( *c ” and “d ” levels. The 2 £ state will have only 
one set of levels, e.g. the ‘V levels. Predissociation by another state will 
therefore affect all the levels and hence all the branches of a predissociated 
band. It is to be expected, then, that in absorption both the P and Q heads 
will become diffuse as a result of predissociation. 

Similar considerations in the case of the 2 A state show that prediseociation 
will cause one set of branches, e.g. the P v Q x and R x branches, to become 
diffuse and leave unaffected the other set of branches, i.e. the P 2 , and R % 
branches. It seems, therefore, that the absence of the P heads cannot be 
explained by predissociation. The only other reasonable interpretation is 
that the P heads in the first v* progression of system E are part of another 
system. It will be of considerable interest to examine system E in emission. 

I wish to express my thanks to Professor F. A. Jenkins of the University of 
California, Berkeley, and Professor W. E. Curtis, F.R.S., of King's College, 
Newcastle-upon-Tyne, for the use of excellent spectroscopic equipment. 

Summary 

An account is given of the emission and absorption band spectra of PbF. 
Six new systems and two continua are found. The vibrational constants of 
the stable electronic states of PbF are as follows in cm." 1 ; 

Observed in, 

Probable emission {E) t 


State 

type 


<0, 

x t <o t 

absorption (.4) 

X x \ 

*77 

0 

507*2 

2*30 

E and A 

xj 

8266 

531*1 

1*50 

E 

A 

*A 

22,667 

397*8 

1*77 

E and A 

B 

*r 

36,643 

612*8 

3*42 

E and A 

€ 

*a 

38,046 

694*0 

2*50 

A 

X> 

*17 

43,820 

600*0 

— 

* A 

E 

— 

46,400 

666*0 

— 

A 

F 

*77 

47,870 

630*0 

— 

A 


2440A continuum maximum ~41,000 A 


3060 A continuum maximum -32,800 E 

* I.e. one of the two sets of levels resulting from /l-typ© doubling. 
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The width of the ground state, i.e. 8266 cm. -1 , is the largest yet recorded. 
Numerous examples of predissociation are found. 
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Description of Plate 10 

PbF band systems: (a) absorption; ( 6 ) emission; (c) system B lt absorption; (d) system 
E y absorption; (e) system B v emission. 


The electrical conductivity of the 
transition metals 

By A. H. Wilson 
Trinity College , Cambridge 

(Communicated by R. H. Fowler , F.R.&.—Received 20 June 1938) 

Introduction 

1 - 1 . The conductivity of a pure metal depends upon a large number of 
quantities, and it is difficult to decide the relative importance of the various 
constants since they often produce compensating effects. It is, however, 
generally agreed that the low conductivity of the divalent metals, and 
especially of bismuth, is due to the small effective number of conduction 
electrons. It has further been suggested by Mott ( 1935 , 1936 a, 19366 ) that 
the low conductivity of the transition elements, which are even worse 
conductors than the divalent elements, is due to another cause, namely, to 
the abnormal smallness of the free path. The transition metals possess 
conduction electrons in an s-band and they also have unfilled d-bands. 
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Hence, in addition to the normal $-8 transitions the electrons can also undergo 
8-d transitions, and this results in a shortening of the free path. 

One of the difficulties in the way of a complete theory is the necessity of 
separating the normal s~8 transitions from the 8-d transitions, and so far it 
has not proved possible to do this. In the present paper it is shown that the 
resistances produced by the two different types of transition have different 
temperature variations, and therefore that it should be possible to estimate 
their relative importance by measurements over a sufficiently large range of 
temperature. 


1 -2. In order to obtain an insight into what happens we consider a simple 
model, for which quantitative calculations are carried out in §§2 and 3. 
Many of the results are, however, qualitatively true for more general models, 
but at present it is impossible to carry out the calculations completely 
except under the simplest assumptions. We take the energy zero at the 
bottom of the s- zone, and we assume that for this zone the energy is given by 


iW = 


A*JkJ 2 


( 1 ) 


where k is the wave vector of the state and m, is the effective mass of an 
electron in the s-zone. The energy in the d-zone is assumed to be given by 

hi I k I 2 

(j4>0) ’ (2) 


where m d is the effective mass of an electron in the d-zone and is much greater 
than m g . The quantity A and the number of electrons are such that there are 
some electrons in the s-zone and some vacant levels or holes in the d-zone. 
Let £ be the Fermi energy of the conduction electrons. The value £ 0 of £ at 
T « 0 gives the energy of the highest oocupied level, and for most purposes 
the variation of £ with T is negligible. At T = 0 the electrons in the a-zone 
are contained in a sphere in k-space of radius k„ and the holes in the d-zone 
are contained in a sphere of radius k d , where 


h*k* _ h'ka* 

87r«m, 87r*m d ‘ 


(3) 


£i, lies between 0 and A, and in general we should expect that k d > k g , but it is 
difficult to give any very accurate estimate of these quantities. The energy 
levels are shown schematically in fig. 1. 

When an electron undergoes a transition from a state k to a state k' by 
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interacting with a lattice wave whose wave vector is q, energy must be con¬ 
served, and hence 

E(k')~E(k)±hv(q)~0 9 (4) 

where hv{ q) is the energy absorbed or emitted by the lattice wave. Sinoe 
hv( q) is very small, we can say that the energy of the electron must be 
practically unaltered by the collision. Further, on account of the exclusion 
principle, the final state must be an unoccupied one. Hence, if an electron is 
to undergo an 8-d transition, its initial state must be one with | k | nearly 
equal to k gt and its final state must have | k' | nearly equal to k d . There is, 
however, one further condition which was omitted by Mott. Owing to the 
symmetry of the crystal lattice, the transition can only occur if (Wilson 
1936 , p. 199) 

k~k'±q = 0. (5) 


E 



Flo. 1. The s and d levels in a transition element os functions of k. The thick lines 
represent levels occupied by electrons at the absolute zero. 

This involves a considerable restriction on the possible transitions, since 
k 8 ^k d , and hence a large value of | q | is required. We therefore deduce that 
lattice waves with small wave numbers are ineffective in producing 8-d 
transitions. This is a general result and does not depend on the simplifications 
introduced by our model. A more complicated model would not change the 
result essentially, but it might change considerably the limiting wave 
number which produces transitions. 

At high temperatures all the lattice vibrations are excited and the 8-d 
transitions must be frequent. At low temperatures, however, only the Low- 
frequency vibrations, with small values of |q|, occur with appreciable 
intensity, and hence the 8-d transitions must decrease exponentially with 
temperature. Thus, although the resistance may be dominated by the 8-d 
transitions at high temperatures, the resistance at sufficiently low tempera- 
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fcures should be entirely due to the normal s~s and d-d transitions. It should* 
therefore, be possible to separate the two effects. 

The resistance of platinum does not show an abnormal decrease at low 
temperatures which can be ascribed to the falling off of the s-d transitions. 
The significance of this, and of the behaviour of the thermoelectric power, is 
discussed in §§ 2*3 and 3*2, 

The quantitative theory is exceedingly complicated, even for the simpli¬ 
fied model which is discussed here. Although approximations have finally to 
be made, the calculations have been given in detail so that the various 
assumptions can be clearly seen. This is particularly desirable, since the 
expressions obtained for the second-order quantities differ from those given 
by Mott. 


The equations foe the distribution function 


2 * 1 . Let / denote the velocity distribution function of the electrons, and 
let ^(kjk') be the probability that in unit time an electron makes a transi¬ 
tion from the state k to the state k\ Also let [df/dt\ denote the net rate of 
increase in/ due to the collisions. Then (Wilson 1936 , p. 158) 


[|] =|JjVt k ',k)/(k'){l-/(k)} 

— ^(k, k')/(k) {1 —/(k')}J dk[dk' t dk%. (6) 


If we put /~ / 0 +f v where / 0 is the Fermi function, and make various 
plausible assumptions, we can show that the net rate of change in / for the 
electrons in the *-band, due to transitions to and from the rf-band, is 



~fu (k) t-^ fa) +/od (k + q).l} ki{E t (k) — K d (k+q) + Av(q)} 

+ {fu (k + q) [N fa) +/o» (k)j ~f u (k) [AT(q) + 1 -/*,(!k+q)]} 

x Q{E,(k) - £ d (k + q)-Mq)}J dq^dq^ 


(?) 


This only differs from the expression for one band (Wilson 1936 , p. 204), 
because the initial and final states belong to different bands and must be 
distinguished by suffixes s or d. C 8d is an interaction energy which measures 
the effectiveness of the s-d transitions, A and M are the volume and mass of a 
unit cell of the crystal, N(q) is the energy distribution function of the lattice, 
and Q is a time factor whose effect is considered below. m d is the weight of the 
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rf-states (apart from the weight factor 2 due to the spin); the weight of the 
a-states is taken as unity. 

The reduction of the triple integral to a single integral proceeds in the 
usual manner. We take polar co-ordinates q, &, w in the q space, the polar 
axis being in the direction of k. Then 


E a (k)-E d (k+q)±hv(q) 


4 2 | k | 2 
Hnbn, 


-^ + gj^(|k| 2 + 2k.q + |q| , ) ± Mq) 


- + - 


1 \ h 2 k 2 h 2 




Vrn. m d ) 8 n 2 Snhn d 


(2kq cos & + q 2 ) — ^4 ± Ar(q). 


Now (Wilson 1936 , p. 197) 


Q(x) 


sin 2 nodjh 
2 nxjh 


Hence, putting 

y = 2nt{E,(k) - E d ( k + q) ± hv(q)}/h, 

we have 


( 8 ) 


J o ' Q{BA k) - E d (k+q) ± hv(q)} sinddS = ^ dy. (9) 


For large t , the integral on the right of (9) is n if the limits of integration are of 
opposite sign, and it is zero otherwise. It is not possible to express the limits 
simply, but if we neglect the small term Av(q) we obtain much simpler 
expressions, which are adequate for our purpose. The condition for the top 
limit to be positive is that 




Since only the electrons near the top of the Fermi distribution contribute to 
the conductivity, we may put k — k. g . Then, by (3), the above condition 
becomes 


q>k d — k,. 


Similarly the bottom limit is negative provided that 


q>k„-k d . 

One or other of these conditions is always satisfied, and hence the condition 
for an a-d transition to be possible is 

?> I *<*-*..I- (10) 

This condition is obvious from the arrangement of the energy surfaces. 
For, the smallest value of q is required when an electron jumps from a point 
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on the a-sphere in k space to the nearest point on the d-sphere, In this case k 
and k' have the same direction and hence q = | k d — k 8 |, 

We may remark here that if the energy surfaces are not spheres it is 
possible for the s - and d-surfaces to cut. The minimum value of q is then 0, 
This applies, however, only to those electrons whose energy levels lie along 
the intersections. For the vast majority of the electrons a non-zero value of 
q is required to produce a transition, and the argument is not essentially 
altered by the presence of a negligible number of electrons which can be 
scattered from one band to the other by long lattice waves. 

We now restrict ourselves to problems in which the current is along the 
x-axis, and we put 

(ii) 


We can replace any slowly varying functions of sin # by their values when 
y 0, since practically the whole of the integral (9) <?omes from small values 
of y. The integration over w can then be carried out. If 0 and 0 X are the 
angles between the #-axis and k and q, we have 

q x = geos#! — ^(cos 0 cos # -b sin 0 sin $ cos w) 

and q x dw ~ 2nq coe# 0 

Jo « 


«*r 5 


m A 


2m, E 


(A + hv) ■ 


m, + m d 
2rn, 


hy 

Uin 2 m< E 




( 12 ) 


Finally, putting x = hv/kT and r\ 
constant), we obtain 


(E — Q/kT (k here is Boltzmann’s 


m 

U_L 


El dE 




T\*C 9it z*dz 


where 


6>£/r« e — 1 

M/o t> f»' r e*+l zHz 

mE W * m * P «\9) J-e/r + J« W p«*+ r +f I l-e~*| 

(13) 

n ( 6 " 8 ) ,ft8 P .../*\* 3 l!£& 

167 r*m 4 o*’ ** \4 v) y 2mJ Afak@ ' 


37-J 
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<9 is, as usual, the Debye temperature, and W E ** kv B , where v s is the fre¬ 
quency corresponding to the minimum value of q necessary to excite the 
s-d transitions. When E — £ 0 the value of q is | k d — k a |. It is to be noted that 
®E is a function of E, and that (13) is to be taken as zero if & E >&. 

2 * 2 . The formula we have just derived is so complicated that we must 
make some approximations before going any further. Since A , E and D are 
all of the same order of magnitude, the coefficient of c d is probably consider¬ 
ably smaller than the coefficient of c 8 > and we therefore neglect c d . As a 
reasonable estimate we might take A - E = E and E » D. The approxima¬ 
tion is then justified unless m d jm 8 is very large. Very large values of m d jfn 8 of 
the order 10 to 20 have sometimes been proposed to account for the proper¬ 
ties of the transition metals (e.g. Baber 1937 ). I cannot believe that such 
large values ever occur. Measurements of the specific heat or magnetic 
susceptibility give w d m d and not m d . Now in an atom the d-states have a 
fivefold degeneracy. In a cubic crystal this degeneracy is partly removed 
(Bethe 1929 ), and the states split up into two sets, one of which is doubly and 
the other triply degenerate. It is not possible to say whether these states 
overlap or not. But, if we put m d = 3, then values of m d jm 8 of the order of 3 
to 5 are sufficient to explain all the results. These values are small enough to 
justify our approximation. 

It should be noted that the probability of scattering is proportional to 
w d m d , but not to the density n d (E) of states in the d-band as stated by Mott. 
Thus the scattering probability is of the same order as that predicted by 
Mott but it has a different form, and this has important consequences in 
connexion with the second-order effects. The reason why he anived at the 
wrong result is that he did not take account of the conditions (5) and assumed 
instead that every k' state is attainable from every k state. 

The probability of scattering due to s-s transitions is (Wilson 1936 , p. 207) 


Pi/i __M/o mP /n 3 
|>_L“ e* dE m ‘ p -[ej 


■ + Z )\ E+ \ kTz ~ D §2 Z2 \- EC .(V)^ 


e’l +1 z*dz 


|e* + *+I| 

(14) 

This has to be added to (13) in order to obtain the complete expression for 
[Bfjdt], The corresponding expressions for [d/Jdt] can be readily obtained, 
but we do not need them. The conductivity due to one band is (Wilson 1936 , 
pp. 161 or 208), 

ne* 


TO 


T(£). 
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Hence, even if the time of relaxation is of the same order for both and ri¬ 
bands, the conductivity due to the ri-band can be neglected, since 
and since our theory is at best only an indifferent approximation. (Note 
that the weight m d does not come into the conductivity of the ri-band if we 
assume, as is reasonable, that an electron in one of the ri-bands can be 
scattered into any of the degenerate ri-bands. There is then a factor 1 fw d in 
the conductivity due to the m d possibilities of scattering, but there is also 
another factor m d due to there being m d bands to carry the current, and 
hence w d does not come into the expression for the conductivity except 
through the time of relaxation.) If we take into account the contributions of 
the ri-electrone to the current, the oonductivity is increased and the thermo¬ 
electric power is decreased. 


2-3. After all the approximations have been made we have 







3 


x C[ c ^ +2) [ E+ l kTz - I> w* zi ) - Ec ' iv) ~\ 


j JfidE 


/T \*f r~ 9xlT p 
■‘"''HS) ( J -BIT + J« 


eir e , + 

Ec,(V) 

e sir 




z 2 dz 

-f 1 | 1 — er z | 

1 z * dz \ 

niT^ir (,6) 


To solve this equation for small values of GjT we adopt the usual method of 
expanding the integrands in terms of z and retaining only the leading terms. 
We obtain 


~ J£i[ \ m » p $»D + w A m d P *d E {l Qa)}- 

Since the time of relaxation r,, when it exists, is defined by 

ran 

L r. ’ 


we have 


1 T 1 
T. " e E* 


(16) 


P„D + nj d m d P ad E{l-^^. (17) 


2-4. Although it is not possible to define a time of relaxation at low 
temperatures it is easy to obtain a solution for c(ij) when the only external 
influence is an electric field. This calculation follows exactly the same lines 
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as Bloch’s calculation of the conductivity of monovalent metals (see, for 
example, Wilson 1936 , p. 212 ); it gives 


1 2m, [* „ rx lT\H e > T zHz 

* “ n^%i\_ m ‘ P °' D \0) Jo (e®—1)(1 —e~*) 


+ m d m d P, d £ 


maj-e/r z i dz ■ 
W / . sjt/r (c* — 1) (1 — e~*)_ 


( 18 ) 


This is the general expression for the specific resistance and can be used for 
all temperatures except very high ones. When r, exists it can be obtained 
from the relation cr — neHJm,. 


2 ' 5 . The resistance of platinum does not show any abnormal decrease at 
low temperatures of the kind predicted. The resistance does indeed behave 
abnormally, but the variation is in the wrong direction. At very low tem¬ 
peratures the resistance is proportional to T a , instead of to T & as for a normal 
metal. This variation with 7' 2 has been ascribed by Baber ( 1937 ) to the 
collisions between the a- and d-electrons. 

The resistances of the other transition elements are not known accurately 
at low temperatures. If they behave like platinum we must conclude either 
that the a-d transitions are not important or that k, — k d for all the metals. 
If this latter condition were found to be satisfied, it could only be so for some 
very general reason, connected presumably with the stability of the metallic 
ttate. 


The second-order effects 

8*1. The effects, such as the thermoelectric power, whioh depend on the 
derivatives of r, present considerable difficulties. Mott ( 19366 ) has given a 
theory of the thermoelectric properties of the transition elements based on 
the assumption that the probability of a-d transitions is proportional to the 
density of i-states. We have seen in § 2-2 that this is not correct. The in¬ 
correctness of the assumption does not have much effect on cr, but it com¬ 
pletely changes the theory of the second-order quantities. However, Mott 
and Jones ( 1936 , p. 313) give some numerical values for A — £ whioh seem to 
confirm Mott’s theory. I believe that this confirmation is not as convincing 
as it seems. 

Mott cites the large thermoelectric powers of the transition elements as 
evidence of the a-d transitions. The thermoelectric power of platinum at 
high temperatures is about - 1-8 x 10 - 2 T/tV/degree and that of palladium is 
about — 3-4 x 10 ~*T/iV/degree. These are very much smaller than tire 
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thermoelectric powers of the alkalis and could be explained without much 
difficulty by the elementary theory based upon the assumption that the s- 
electrons are perfectly free. The thermoelectric power is — S/e, where 
(Wilson 1936 , p. 177) 

® - nSL,' < 19 > 

l being the free path. For perfectly free electrons l is proportional to E 2 , and 
hence 


©- 


n*k 2 T 

c 


( 20 ) 


If we take the number of ^-electrons per atom to be 0*6 and assume that 
m B = tn, the mass of a free electron, we find for platinum that the thermo¬ 
electric power is — 2*15 x 10 ~ 8 T//V/degr 6 e. To explain the considerably 
higher thermoelectric power of palladium we should have to assume that m B 
iB larger than m, but this is quit© a reasonable assumption and the value of 
required is about l* 5 m. On these grounds alone we are therefore not 
obliged to adopt Mott's hypothesis. 



Atomic % Pd Atomic % Pd 

Fig. 2. Absolute thermoelectric powers of Pd alloys at 0° C. 


Another piece of evidence which has been advanced is the dependence 
upon composition of the thermoelectric power of the palladium alloys. If 
copper, silver or gold is added to a transition metal, the holes in the d-band 
are filled up and at the same time © becomes larger. When all the holes are 
full, further addition of the monovalent metal causes © to decrease. The 
interpretation of this phenomenon is not, however, as unambiguous as might 
appear at first sight. In fig. 2 are shown the absolute thermoelectric powers 
of the two alloys FdOu and PdAu (Borelius 1935 , pp. 404-5). The anomalies 
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in the PdCu curve at 75 and 50 % Cu are due to the formation of super- 
lattices. Since the formation of the superlattice CuPd is associated with a 
change in the crystal structure from face-centred to body-centred cubic, we 
consider only the superlattiee Cu 3 Pd. Even for this superlattice there is a 
slight change in structure, the ordered state being very slightly tetragonal. 
However, if our present ideas about superlattices are correct, there ought 
to be no essential difference in the electronic energy levels of the ordered and 
disordered Cu 3 Pd lattices. On the other hand, the thermoelectric power of 
the ordered state is considerably smaller than that of the disordered state. 
This suggests that some of the change in the thermoelectric power of the 
alloys is due to the random distribution of the atoms. (Since condition (5) 
does not apply to electronic transitions caused by the random distribution of 
atoms, the a-d transitions might be more frequent in the disordered than in 
the ordered metal. It is difficult to say what effect this would have.) It is 
impossible to estimate what the thermoelectric power of an alloy would be if 
it were ordered at all compositions, and it may be that the effect would not 
be large. It is, however, obvious that the behaviour of these alloys indicates 
that the simple theory is inadequate, which assumes that the arrangement of 
the energy levels is independent of the composition and that all the effects 
can be ascribed to the change in the number of valency electrons. 



3*2. The thermoelectric power of platinum as a function of the tempera¬ 
ture is shown in fig. 3 (Borelius 1935 , p. 400). The thermoelectric power is 
negative at high temperatures and positive at low. The obvious interpreta¬ 
tion is that the current is carried by electrons at high temperatures and by 
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positive holes at low temperatures, but it is extremely difficult to see how 
* such a state of affairs could possibly happen, Another possible explanation 
is that dljdE is positive at high temperatures and negative at low tempera¬ 
tures. It is perhaps worth pointing out that such a behaviour is possible 
with the model we are considering. 

If we take r from equation (18) we have 


~]ogl~~log(TE*) 


2 _JL 

E 0 E 


log h p “(I)X 


JV C eiT 

(e*— f) (1 — e~*j 


+ w d m d P ad E 


i. 


y \ s ?git 


z 3 dz 


Of Je,/r(e*-l)(l-e-*), 


]• 


( 21 ) 


This expression cannot be used at very low temperatures since t does not 
then exist. The correct expression can be obtained by a method which I 
have given recently (Wilson 1937 ), but the results are exceedingly compli¬ 
cated and ( 21 ) is sufficiently accurate for the present discussion. If the 
second term on the right of ( 21 ) is zero, that is, if the a-d transitions are 
unimportant, we regain ( 20 ). In order to obtain the desired behaviour of l, 
the second term must be small at high and large at low temperatures. The 
only factor which can possibly vary in such a manner is 


0 |*OT z*dz 

9-® J e*/r — 1) (1 — 8”*) 


( 22 ) 


The quantity d0 E ldE can be either positive or negative and is of the order* 
± & e i'E. For, & K = constant \k d -k t \, and hence 


d@ E d& K idE 
dE = dkjdk, 

constant/, m d k*\ 
m± 2 E \ a + m t k d ) 

by ( 3 ), The plus sign is to be taken if k d < k s and the minus sign if k d > k,. 
(This is obvious from fig. 1 .) The expression ( 22 ) is therefore of the order 


X I_ (QglTl _ 

+ E(e e * /T ~ l) (l -e~ 6 *i T )' 


(28) 


* It is probably larger them this by a factor of the order m a jm„ but this does not 
affect the argument. 
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the numerical value of which is small for both large and small values of 
0 R jT but which is large for intermediate values of 6%/T. In order that ? 
dljdE may be negative for some range of temperature it is necessary that 
( 22 ) should be positive, that is, that k d > k 9 . 

Whether dljdE ever becomes negative is an extremely difficult question to 
answer, since the expression (23) occurs multiplied by a complicated factor, 
including powers of T. It seems probable, however, that this could be 
arranged by a proper choice of the constants. If the explanation put for¬ 
ward here is correct, then at low temperatures where (23) is small the 
thermoelectric power ought to become negative once more. This would be a 
decisive test of the theory, but unfortunately the measurements do not 
extend to sufficiently low temperatures. Changes in the sign of the thermo¬ 
electric power occur for some substances at liquid helium temperatures, but 
the thermoelectric power of platinum has not been measured in this region. 
Finally, although the present theory does give rise to the possibility of 
dljdE changing sign, yet the explanation advanced seems too artificial to be 
the correct one. 


3*3. The resistance of platinum at very high temperatures increases less 
rapidly than T. This is a second-order effect which depends on the second 
derivative of r and therefore involves even greater refinements than does 
the theory of the thermoelectric power. We must now use a more accurate 
formula for cr than we have hitherto done. We have (Wilson 1936 , p. 162) 


cr 


3nh 2 


iff 


grad k 2?|HdMMjfc 3 




This can be evaluated by the approximate formula 

-|kd§«-«i + X^) k . 

Now r is given by (17), If we neglect the a-d transitions, we obtain (compare 
Wilson 1937 , equation (14)) 

constant T, /jrATX 2 ! 

* ? r “L 1+ rr)} 


In order that this formula should fit the experimental results, the value of £ 
must be small and therefore the effective mass of the e-electrons must be 
large, of the order 4m. This is too large to be reasonable. 
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If we use the expression (17) for r 8i which includes the effect of the s-d 
transitions, we obtain an even worse result if & E is treated as constant. In 
fact, if we assume in addition that the s-d transitions are much more im¬ 
portant than the s-s transitions, we find 

constant F, 1 

a. r~L 3\r) I 

In order to obtain a larger effect with the present model it is necessary to 
invoke the variation of 0 E with E. It seems impossible, however, to obtain 
any numerical estimate of how much difference this would make, and the 
theory is very speculative. 


Summary 

By using a model in which the energy surfaces are spheres, a complete 
theory is worked out of the s-d transitions in a metal containing incomplete 
d-bands. The results are of the same order of magnitude as those given by 
Mott's qualitative theory, but differ considerably in detail and in interpre¬ 
tation, It is shown that the s-d transitions should fall off exponentially as the 
temperature is lowered. A suggestion is put forward to explain the change in 
sign of the thermoelectric power of platinum at low temperatures. 
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Diffusion of electrolytic hydrogen through metals. By H. R. Heath and 
T. L. Ibbs. (Communicated by M. L. Oliphant, F.R.8.—Received 20 May 
1938.) 

Experiments were made to test whether hydrogen produced electrolytically on 
one aide of a metal plate will diffuse through the plate. The Shakospear katharometer 
was used to detect and measure the diffused gas. The metals examined were 
aluminium, iron, nickel, cobalt, copper, zinc, silver, palladium, platinum and lead. 
Only in the case of iron and palladium was any diffusion observed. 

Observations were also made with iron showing how the amount of diffused gas 
varied with the time, and how the rate of diffusion varied with the thickness of the 
plate. 

The variation of the rate of diffusion with the electrolysing current density was 
observed for plates of iron and palladium. The results agree well with the conclusions 
of Borelius and Lindblom for large current densities; but show that a threshold 
value of current density, below which no diffusion occurs, does not really exist. 

The diffused gas appears to be in the ordinary diatomic state. The absorption of 
electrolytic hydrogen by palladium was also studied. 
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The band spectrum of lead fluoride. II. By 0. D. .Rochester. (Com¬ 
municated by W, E. Curtis, F.R.8.—Received 21 May 1938.) 

An account is given of the emission and absorption band speotra of PbF. Six 
new systems and two oontinua are found. The vibrational constants of the stable 
electronic states of PbF are as follows in om." 1 : 


State 

Probable 

type 



x 9 «u 

Observed in 
emission (E), 
absorption 
(A) 

*i\ 

m 

0 

507-2 

2*30 

E, A 

XJ 

8266 

53 M 

1-50 

E 

A 

M 

22567 

397-8 

1-77 

E, A 

B 


35643 

612-8 

3*42 

E, A 

0 


38046 

594-0 

2-50 

A 

D 

V7 

43820 

600-0 


A 

E 

— 

45400 

565-0 

— 

A 

F 

*n 

47870 

630-0 


A 


2440 A continuum 

maximum 

41000 

A 


3050 A continuum 

maximum 

32800 

E 


The width of the ground state, i.e, 8266 cm/ 1 , is the largest yet recorded. Numerous 
examples of predissociation are found. 


Studies on the ionosphere at Allahabad. By B. D. Pant and R. R. 
Bajpai. (Communicated by M . N. Saha, F.R.S .— Received, 23 May 1938.) 


In this paper are described the results of study of the ionosphere at Allahabad from 
October 1936 to March 1938. Various types of reflexions, including complex echoes, 
are described and illustrated. A typical curve showing the diurnal variation of 
electron density is given. The results of measurements of the critical penetration 
frequencies for the O and X waves show that at times the X wave gets reflected from 

a layer where the electron concentration is given by the condition pi = p l 

instead of the usual condition pi - P*~P/V 


p '-p* 

p'-p* 


A new Coriolle perturbation in the methane spectrum. I. Vibrational* 
rotational Hamiltonian and wave functions. By H. A. Jahn. (Communi¬ 
cated by Sir William Bragg, O.M., P.R.S.—Received 25 May 1938.) 

The theoretically possible sub-levels into which the rotational levels of a threefold 
degenerate mode of vibration of methane can be split by a tetrahedrally symmetrical 
perturbation are given up to the tenth rotational quantum number together with 
the correct vibrational -rotational wave functions with which to carry out the per¬ 
turbation calculation, Good approximations to the true modes of vibration of the 
methane molecule are found and used to evaluate oertain Coriolis terms in the 
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Hamiltonian which couple the twofold and threefold degenerate modes of vibration. 
Table III whioh gives the tetrahedrally irreducible harmonic functions and extends 
calculations of Bethe ( 1929 ) from the fourth to the tenth quantum number will be 
useful in a number of connections. 


Nature and causes of the adaptation of water-breathing creatures to air 
breathing. I. The bionomics structure and physiology of Lepidocephalus. 

By B. K. Das. (Communicated by E. W . MacBrid te, F.R.8.—Received 
25 May 1938.) 

This paper gives an account of the habits and structure of the fresh-water fish 
Lepidocephalus. The aim of the author is to show that the structure of the air-breath¬ 
ing organs depends entirely on the place in the body where the air bubbles are 
trapped. Thus in previous papers he had shown that the air-sac in Anabas is a part 
of the opercular cavity whereas in Amphipnous cuchia and in Ophioeephalidae there 
exist a pair of pouches of the pharynx which contain air. In Lepidocephalus , with 
which the present paper deals, a part of the intestine is converted into an air-breathing 
organ. It is supplied with a rich blood plexus from whioh a large vessel is given off 
to the portal vein. The fish lies near the surface of the ponds and streams in which it 
lives and from time to time rises in order to swallow bubbles of air. 


Thermal effects on bodies In an air stream. By W. F. Hilton. (Com¬ 
municated by E . F . Rdf , F.R.S,—Received 26 May 1938.) 

A theoretical expression derived from Pohihausen’s formula, giving the tempera¬ 
ture due to laminar flow over a flat plate, has been tested experimentally in the one- 
foot diameter high-speed wind tunnel at the N.P.L. The temperatures were measured 
by using thermocouples, and good agreement between theory and experiment was 
obtained with the thermocouple near the leading edge of the fiat plate, where the flow 
was probably laminar. A 26% discrepancy was found with the thermocouple near 
to the trailing edge, due probably to the flow being turbulent. 

On all models tested the temperature difference was found to increase as the square 
of the wind speed, until a shook wave was formed, which gave an inflexion in the 
<MP, V* curve. The. present method can thus be used to detect the formation of a 
shock wave at a solid boundary, such m an aerofoil, or aeroplane body. 

Besides tests on flat plates of four thicknesses, and a streamline bar at four in¬ 
cidences, measurements were made on a circular cylinder, and two other shapes. 
The circular oylinder was found to be a most unsatisfactory shape for the thermometry 
of moving fluids, unless placed along the wind. A flat plate with a thermocouple 
near the leading edge is suggested to be the best shape for a sensitive element. 
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Photochemical reactions in monolayers. II. The photochemistry of proteins. 

By J. S. Mitchell and E. K. Rideal, F.R.S. (Received 28 May 1938.) 

This paper is an account of a quantitative investigation of the photochemistry of 
proteins in monolayers. Wheat gliadin, zein, insulin and ovalbumin have been ex¬ 
amined. The photo-reactions were studied by observation of the changes in phase 
boundary potential of the protein monolayers on irradiation, at constant surface 
area and under equilibrium conditions, with monochromatic ultra-violet light of 
wave-lengths 2350-3175 A. 

The general theory of photochemical reactions in protein monolayers is sum¬ 
marized. The proteins in the monolayers are to be regarded as macromoleoular poly- 
condensation products in which the primary photochemical processes are limited, 
to a first approximation, to the “aromatic” chromophores. 

The experimental technique, including the method of fractional irradiation, and 
the preparation and properties of the monolayers are described. 

The characteristic changes on ultra-violet irradiation of protein monolayers are; 

(1) Liquefaction, if the film is gelatinous. 

(2) At constant area, an increase of phase boundary potential, and also of surface 
pressure. 

Oxidative processes play a fundamental part. Photosensitization, probably by 
traces of metals, is described. 

It is suggested that, in these photoreaotions, both “peptide linkages*’ adjacent 
to eaoh side chain derived from tyrosine, phenylalanine and possibly also trypto¬ 
phane may undergo a process of oxidative photolysis, the end result of which is 
equivalent to hydrolysis, and the transformed ohromophoric residues liberated pass 
into solution. This hypothesis is in quantitative agreement with the total changes in 
phase boundary potential observed on irradiation of the monolayers of gliadin, zein 
and ovalbumin (the insulin films undergo partial solution). The importance of the 
Hardy-Langmuir principle is demonstrated. 

The absolute quantum efficiency of the total changes per aromatic residue in mono¬ 
layers of gliadin on N/100 sulphuric acid is of the order of i for unsensitised photo- 
decomposition at wave-lengths between 2350 and 3030 A. 


The subthreshold potentials in a crustacean nerve fibre. By A. L. Hodgkin. 
{Communicated by E. D . Adrian , F.R.S.—Received 26 May 1938.) 

Experiments with isolated crustacean nerve fibres show that subthreshold shocks 
produce two quite distinct effects. When the stimulus is weak and cathodic, or anodic 
and of any strength, it produces a “polarization” potential which behaves as though 
it were due to the passive accumulation of charge at the nerve membrane. On the 
other hand, when the stimulus approaches threshold, it produces an additional wave 
of negativity which behaves like a subliminal response of the nerve fibre. These two 
processes have entirely different properties. Thus: 

The size of the polarization potential is directly proportional to the strength of 
the shock, whereas the subliminal response increases at an accelerating rate as the 
shock approaches threshold. 
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The time relations of the processes are different. The polarisation potential rises 
during the period in which the shook is applied and then declines in an approximately 
exponential way. On the other hand, the subliminal resj>onse starts with an initial 
inflexion and continues to grow for as much as 500 fimc. after the end of the shock. 

The time relations of the polarization potential are independent of the strength 
of the shock; whereas the duration of the local response increases and its maximum 
occurs later as the shock approaches threshold. 

When the local response has almost reached propagating size, it becomes unstable 
and varies from shock to shock. On the other hand, the polarization produced by 
successive shocks is always quite constant. 

The local response can be greatly reduced or abolished by making the nerve re* 
fraotory, whereas the polarizability is only slightly reduced by refractoriness. 

The local response can be increased by making the nerve supernormal, whereas 
the polarization potential is slightly reduced or unaffected during the supernormal 
phase. 

The spatial spread of the two processes is different. The polarization potential 
falls to one-third of its value in approximately 0-5 mm., whereas the local response 
usually declines to only two-thirds in that distance. Under certain conditions the 
local response may spread very much farther than the polarization. 

The latency of the nerve fibre is determined by the time relations of the local 
response. The latency is short when the local wave has a rapid rise and fall, whereas 
it is long when the wave has slower time relations. It is suggested that the latency 
of the fibre is due to the time required for the local response to reach propagating size. 

The potential at which the local response starts to propagate is increased during 
the relatively refractory period and decreased during the supernormal phase. In a 
norm til nerve the response starts to propagate when its amplitude is equal t-o about 
one-fifth of the spike. During refractoriness this large safety margin may be reduced 
to the point at which a propagated action potential is only slightly larger than one 
which just fails to propagate. Under these conditions both sub- and superthreehold 
waves of activity at first spread along the nerve in the same way and do not finally 
separate until they have travelled a short distance from the cathode. 


The comparison of series of measures when the standard errors are 
unequal* By H. Jkffbeys, F.R.S. (Received 27 May 1938.) 

A test previously given for the significance of the difference of two means, when 
the standard errors are unequal, is revised to take account of the uncertainties of 
the standard errors and of a theoretical complication that has given trouble in other 
tests. The case where the standard errors can be assumed equal is derived from an 
existing formula. Some incidental points are discussed and a list is given of tests 
that have been revised in later work. 
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Statistical theory of super lattices with long-range interaction. By J. S. 

Wang. {Communicated by R. H. Fowler, F.R.8.—Received 80 May 1938 .) 

I. General Theory . Be the’a theory of order-disorder in superlattices is extended 
to cover the case of long-range interactions. The theory is applicable to any inter¬ 
action energy of the form V(r) subject to the condition / V(r)r*dr = finite, and to a 

„ Jo 

general class of lattice structures which include the three lattices of the cubic system. 

II. The simple cubic lattice and the body-centred cubic lattice . The general statistical 
theory of superlattioes with long-range interaction given in the preceding paper is 
applied to the simple cubic lattice and the body-centred cubic lattice. It is shown 
that the assumption of an inverse power law for the interaction energy alters the 
calculated configurational energy in the direction required to make the agreement 
with experiment better than the assumption of interaction between nearest neigh¬ 
bours only, but the shift is not great enough to remove the discrepancy between 
theory and experiment completely. 


The androgenic activity of ovarian grafts in castrated male rats. By R. 

Dbanbsly. (Communicated by Sir Henry Dale, F.R.S,—Received l June 1938.) 

Ovarian grafts were made into the ears of immature castrated male rats. All 
functional grafts showed oestrogenic activity, detectable by the fibrosis of the seminal 
vesicles. Most functional grafts, especially those established for three months or more, 
showed androgenic activity causing secretion and growth in the prostate and, 
occasionally, in the seminal vesicles. One rat, with a graft 135 days old, had a pro¬ 
state of full adult size, though the seminal vesicles were not correspondingly large. 
The slighter response of the vesicular epithelium as compared with that of the pro¬ 
state suggests that the androgenic substance produced by the grafts is not testo¬ 
sterone. 

Androgenic activity does not depend on the temperature at which the rat is kept; 
it is associated with luteinization of the theca interna of the follicles, which occurs 
commonly in established grafts. 

Gonadotrophic extracts which cause extensive luteinization of the granulosa do 
not appreciably affect the androgenic activity of the graft. 


A new Coriolis perturbation in the methane spectrum. II. Energy levels. 

By H. A. Jahn. ( Communicated by Sir William Bragg , O.Af., P.R.S .— 
Received 3 June 1938.) 

Using the vibrational-rotational wave functions derived in Part I, the perturba¬ 
tions of the rotational levels of the fundamental vibration of the methane molecule, 
caused by the Coriolis term in the Hamiltonian which oouples the rotational levels of 
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v 4 with the rotational level* of v t , are calculated explicitly up to the tenth rotational 
quantum number. Table III, which give* the wave function* for the tetrahedral 
rotational sublevels of v t , will be useful in calculating the perturbations of the rota¬ 
tional level* of any fundamental or overtone *ubvibrational level of symmetry type E 
in a tetrahedrally symmetrical molecule. 


Photographic sensitivity and the reciprocity law at low temperatures. 

By W. F. Berg and K. Mendelssohn. (Communicated, by F . A . Lindemann , 
P.R.S.—Received 3 June 1938.) 

Experiments am described which were undertaken to test a theory on the forma¬ 
tion of the latent image by Gurney and Mott which differs from earlier theories in 
stressing the importance of movements of silver ions. It is shown that photographic 
material* have an appreciable sensitivity down to 20° K. While the sensitivity drops 
by 93% by changing from room temperature to 90° K., very little change occurs 
between 90 and 20° K. The main difference between exposure at 90 and 20° K. is 
a drop in contrast and in maximum density. It is shown that no reciprocity failure 
takes place at these temperatures. It appears that at sufficiently low temperatures 
the latent image is formed in two distinct stages; an electronic process, in which the 
electrons are separated from the halide ions absorbing tho light, and are trapped in 
the lattice, and an ionic process which takes place on warming up, and consists of 
a movement of silver ions and probably also of bromine atoms. These results confirm 
the importance of ionic movements for the latent image formation. 


Relaxation methods applied to engineering problems. III. Problem 
involving two independent variables. By D. G. Christophkrson and 
R. V. Southwell, F.R.S. (Received 8 June 1938.) 

In this paper relaxation methods are applied with success to four problem* in¬ 
volving Laplace’s, Poisson’s and similar equations in tioo variables % namely: 

The torsion problem of Saint-Venant for triangular shafts (this, since the solution 
is known, serve* to illustrate and in some degree to test the methods); 

The same problem for a shaft pierced by axial holes (a multiply-connected oross- 
section); 

The torsion problem modified by the imposition of a definite limit to the shear 
stress (Prandtr* problem); 

The problem of magnetic induction in a field containing iron. 

In all four problems the methods load without difficulty to solutions of sufficient 
accuracy for practical purposes, and it seem* reasonable to conclude that they will 
be applicable (suitably modified) to other problems which, like the last three above, 
would present great or insuperable difficulties if treated by orthodox methods. 
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The nuclear spin of iodine. III. Further measurements upon the fine 
structure in the first spark spectrum. By S. Tolansky. (Communicated 
by P. M. S. Blackett, F.R.S.—Received 8 June 1938.) 

Earlier measurements by Tolansky upon the fine structures in the lines of the first 
spark spectrum of iodine are extended into the ultra-violet region with the aid of 
a quartz hummer plate interferometer. Fine structures are now known for 68 lines, 
39 of which have been allocated to terms which go either to the ( 4 S) or the (*D) series 
limit. 

An independent fine structure analysis is made for both the systems and is con¬ 
firmed by the aid of intercombination lines in the ultra-violet. Fine structure in¬ 
terval factors are given for 13 ( 4 S) terms and 16 (*D) terms. These exhibit anomalies 
which can be explained as arising from configuration interaction perturbation. 

It is shown that the nuclear coupling of the 6electrons in iodine is comparable 
with that of the 6* electron. 

In three terms, deviations from the interval rule have been established. These are 
attributed to nucloar electrical quadrupole moment. The perturbation constants have 
been calculated, but these cannot as yet be employed to give a numerical estimate of 
the quadrupole moment, since the coupling constants have not yet been evaluated. 


Experiments on the transmutation of fluorine by protons and deuterons. 

By W. E. Buroham, C. L. Smith and P. I. Dee. (Communicated by E. V. 
Appleton ,, F.R.S.—Received 8 June 1938.) 

The transmutations of fluorine under bombardment with artificially accelerated 
protons and deuterons have been systematically investigated. 

The energy of the group of a-particles which is emitted during bombardment of 
fluorine with protons has been accurately determined and leads to a value 19*0043 
for the mass of 19 F, in good agreement with the mass spectroscopic value. From 
the value of the energy release in this process and from the absence of a-particle 
groups of smaller energy it is concluded that the a-particle emission from fluorine 
under proton bombardment arises from successive transitions of excited *°JSTe nuclei. 

Five groups of a-particlos were found to be emitted during bombardment of 
fluorine with deuterons, and the energies of these groups have been determined. From 
the energy values of these groups it is concluded that excitation levels at 0*83, 2*95, 
3*77, and 4*49 x 10® e-volt* above the ground state exist in 17 0 nuclei. 

The emission of a group of protons which is believed to be associated with the 
formation of ,0 F has been observed. From the energy of these protons the value 20*0087 
has been deduced for the mass of radioactive W F. An energy release of 9*2 x 10* e-volts 
is therefore to be expected in the radioactive decay process 

«F^ M Na + e~ 

and the disagreement between this value and the observed end-point energy of the 
y?.rays (5*2 x 10* e-volts) has been partially reconciled by the observation that a 
radioactive emission of y-radiation accompanies the ^-emission and decays with 
the same period. 
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A study of the chain reaction in the thermal decomposition of diethyl ether. 

By J. E. Hobbs. (Communicated by C. Ns Hinshehvood , F.R.8.—Received 
8 June 1938.) 

The course of the curves showing the rate of decomposition of diethyl ether as a 
function of minute additions of nitric oxide is independent of tho concentration of 
the diethyl ether. The removal of a radical by the nitric oxide must thus be in compe- 
tition with some reaction the rate of which is entirely independent of the concentra¬ 
tion of the ether. Tins must be a unimolecular dissociation of the radical itself. This 
is in contrast to the inhibition of the decomposition of ethane where nitric oxide 
removes a radical which would otherwise have reacted with a molecule of ethane. 
A chain mechanism explaining these results is tho same as that put forward by Rice 
and Herzfeld to explain the first order nature of the reaction. The mechanism gives 
an expression for the shape of the inhibition curve and accounts for the variation of 
the mean chain length with tho ether pressing. From the amount of nitric oxide 
required for a given degree of inhibition the average life of the radical can be cal¬ 
culated to be of the order of 1*2 x 10^ 6 see. 


An analysis of the mechanism of oestrogenic activity. By G. Pinous and 
N. T. Werthkssen. {Communicated by F. H. A, Marshall , F,R.S .— 
Received 8 June 1938.) 

To facilitate the study of a series of thirty synthetic oestrogenic substances a new 
method for the bio-aesay of the materials in question was advised. Mice were used 
as the test animals. The substanoea were dissolved in oil and administered intra- 
peritoneally. The value obtained by assay had an error of approximately 10%. 
A comparison between the time course of action for oeatrone and the other oestrogen** 
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was possible. It was found that the hydroxyl group contributes quantitatively to the 
oestrogenic activity. Structure, when approximating to that of natural hormones by 
adding the five-membered ring to the phenanthrene nucleus, also contributes to the 
activity. Activity is generally low—the maximum being 1*72% that of oestrone. 
Subcutaneous injection decreases the activity value many times. Oestrone and 
oestradiol in adequate doses show a definite difference in the time course of action 
from oestrone. The synthetic oestrogens do not. Simultaneous injection of several 
synthetic oestrogens with progesterone into rabbits ovariectomized after fertile 
copulation stimulated the progesterone effects. This was also found in the case of 
small doses of the natives oestrogens. The synthetic agents are not progestine, 
Oestrone in liigher doses inhibits both the progesterone induced proliferation of the 
uterus and also the growth of the eggs. Oestradiol and oestriol inhibit, when given in 
large doses, the proliferation of the uterus but do not affect the growth of eggs. 


Problems on stability in hydrophobic colloidal solutions. I. By S. Lkvine. 
(Communicated by B. K . Rideal , F.R.8.—Received 13 June 1038.) 

A method of obtaining the mutual electrical energy of two colloidal hydrophobic 
spherical particles has been developed by applying the Debye* Hu ckel theory of 
electrolytes. The final result is 

where Q 0 is the charge on each particle, assumed to be constant, a its radius, £ its 
potential, R the distance between the particles, D the dielectric constant of water and 
k is the well-known Debye-Hiickel constant, being proportional to the square root of 
the electrolytic concentration. Only the approximate Debye-Htickel equation has 
been considered. 

The electrical forces are repulsive at small separations but become attractive at 
large, passing through a zero at some intermediate distance, where the energy is a 
minimum. The energy near contact decreases very rapidly with increase in electro¬ 
lytic concentration even though the charge does not change. This suggests that the 
diminution of the mutual energy as electrolyte is added is chiefly due to the behaviour 
of the ionic atmospheres, the effect of the adsorption of ions tending to lower the 
charge being less important. 

There are two distinct terms in the energy function. The first represents the repul¬ 
sion that one particle experiences when it enters the field of a second particle, and is 
the more important term at small separation. The second term represents the 
attraction that is exerted upon the ionic atmospheres when overlapping occurs and 
is the dominating contribution at large distances. 

The van dor Waals attractive energy for a particular case is computed. The 
resultant total energy function exhibits a maximum at a little distance out from 
contact. The value of the energy at this maximum is the controlling factor in 
coagulation, its value diminishing with electrolytic concentration. 

The theory suggests an explanation for the fact that with electrolytes which 
coagulate at low concentrations the critical potential is much lower than with 
electrolytes which precipitate at large concentrations. 
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The Schultz-Hardy rule is discussed. It is shown that the use of the approximate 
Debye-Huckel equation cannot explain this rule for the ions of higher valency and it 
is necessary to consider the complete equation. 

The energy minimum is characteristic of all hydrophobic sols containing spherical 
particles, and, contrary to current belief, the energy is always negative at large 
distances. Whereas the van der Waals forces cannot be of a long range character, the 
electrical forces can yield a minimum in the energy at a distance of several particle 
radii and the minimum energy may be a small multiple of kT. In general, it is likely 
that, at least for hydrophobic sols, thixotropy and related phenomena are mainly 
due to the existence of this minimum in the electrical energy and not to the van der 
Waals energy. 

The method of calculating the osmotic pressure from the expression for the 
interaction energy is indicated. 


Problems of stability in hydrophobic colloidal solutions. II. By 8 . Lkvink. 
(Communicated by E. K. Rideal, FR.S.—Received 13 June 1938.) 

The mathematical method of deriving the mutual energy of two colloidal metallic 
particles is developed. Only a first and second approximation are obtained. In the 
appendix a statistical analysis of the free energy evaluated here is given. It is seen 
that the Debye-Httckei theory of electrolytes can be applied much more satisfactorily 
to colloidal solutions than to ordinary electrolytic solutions. This is true even if the 
electrolyte present in the sol is of an unsymmetrical typo. 


On the absorption of light by crystals. By N. F, Mott, F.R.S. (Received 
14 June 1938.) 

The mechanism of the absorption of light by solids is discussed from the theoretical 
point of view. The energy of a quantum of radiation can be converted into heat, 
re-emitted as fluorescent radiation, or used up in producing a photoelectric current 
within the solid ; estimates are made of the dependence on temperature of the relative 
probabilities of these processes, which are compared with experiment. 


The thermal properties and heats of adsorption of films on vitreous 

silica. By W. G. Palmer. (Communicated by Sir William Pope , F.R.S.- 
Received 14 June 1938.) 

Isothermal# have been obtainedat temperatures between 70° and 26° for adsorption 
of the vapours of benzene, acetone and methyl alcohol on known surfaces of vitreous 
silica^ by methods giving a check on the constancy of the surface condition. The 
values of the coefficients of thermal expansion, compressibility and the temperature 
variation of the lateral force have been calculated and discussed in relation to parallel 
properties of the bulk phase. The heats of adsorption have been calculated^rom the 
temperature variation of the adsorption potential. Their relations to the fraction 
of surface covered are in agreement with theoretical predictions for films with inter¬ 
action energy. __ 
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The electrical conductivity of the transition metals. By A. H. Wilson. 
(Communicated by R. H. Fowler , F.R.8.—Received 20 June 1938.) 

By using a model in which the energy surfaces are spheres, a complete theory is 
worked out of the transitions in a metal containing incomplete d-bands. The 
results are of the same order of magnitude as those given by Mott’s qualitative theory, 
but differ considerably in detail and in interpretation. It is shown that the s-d 
transitions should fall off exponentially as the temperature is lowered. A suggestion 
is put forward to explain the change in sign of the thermoelectric power of platinum 
at low temperatures. 


The posterior probability distribution of the ordinary and intraciass cor¬ 
relation coefficients. By H. Jeffreys, F.R.S. (Received 21 June 1938.) 

The posterior probability distributions of the ordinary and intraciass correlation 
coefficients are obtained from an analogy with sampling theory, suggested by the use 
of the normal correlation surface in both oases. The results cast some further light 
on the relation between direct and inverse methods in problems of estimation; for 
practical purposes the differences from the recommendations made by Fisher are 
inappreciable. A significance tost is obtained for the difference between an intraciass 
correlation and zero, and the application to internal correlation in series of measures 
is discussed. 


An electrical theory of nerve Impulse propagation. By O. H. Schmidt. 
(Communicated by A , V . Hill , Sec.R.S.—Received 22 June 1938.) 

A capacitative theory of the nerve impulse is offered which supposes the local 
excitatory process to consist largely in an increase of capacitance rather than 
exclusively in a resistance change. This theory is shown to satisfy all requirements in 
respect of structures, energy, and electrical properties. 

An electrical model is developed and discussed which permits direct determination 
of the electrical constants involved in this or other electrical theories of excitation. 
The results obtained from the model are shown to resemble those from nerve. 

A possible physico-chemical theory of nerve excitation is developed on the basis of 
the capacitance-shift hypothesis. 


A new process of negative ion formation. IV. By F. L. Arnot and 
C. Beckett. (Communicated by H, 8 , Allen , F.R.8.—Received 22 June 
1938.) 

The three previous papers of this series described a new process of negative ion 
formation. This process is the formation of negative ions at metal surfaoes by bom¬ 
bardment of the surface with positive ions, the negative ion being formed by the 
positive ion capturing two electrons from the surface. The present paper shows that 
a new modification of this process can also occur. 



Abstracts of Papers S 89 

The experimental results show that a spectrum of negative ions is obtained when a 
surface is bombarded with positive ions of argon or nitrogen or mercury, and that 
practically identical negative ion curves over the range of mass numbers from 10 to 
54 are obtained by each type of positive ion. The negative ions observed have mass 
numbers 12, 16, 24, 29, 32, 38, 44 and 51. It is concluded that those negative ions 
arise from atoms and molecules of gas and vapour adsorbed on the surface. 

It thus appears that there are two processes leading to the formation of negative 
ions at surfaces. The initial stage in each process is the same; this is capture of an 
electron from the surface by the incident positive ion into an excited state of the atom, 
probably by a resonance process. This excited atom, on reverting to its normal state, 
may then capture a second electron from the surface, again probably by a resonance 
process, so forming a negative ion of the same element as the incident positive ion. 
The second process consists in the excited atom transferring by a collision of the 
second kind its excitation energy to an adsorbed atom on the surface, which then 
captures an electron fyom the surface, and so a negative ion of an element different 
to that of the incident positive ion is produced. 

The previous results are reviewed in the light of this now work which shows that 
no negative ions of nitrogen are formed. Certain alterations in the interpretation of 
the CO* results must also be made. The previous work on the formation of negative 
ions of mercury, hydrogen and oxygen requires no amendment, excopt that the 
probabilities of formation of these ions may have to be raised. 

It is shown that no O* ions are formed at the surface of an oxidized tungsten fila¬ 
ment, but that they readily appear when the filament is cleaned by flashing. It is 
suggested that this effect is due to the increased work function of the filament when 
oxidized. It is also found that a covering of oxygen on the filament suppresses the 
peaks of mass numbers 24 and 38. 


New systems of normal co-ordinates for relativistic optics. By G. Temple. 
(Communicated by Sir Arthur Eddington , F.R.S—Received 22 June 1938.) 

This paper developed the theory of a new system of normal co-ordinates (yP) in an 
n-dimonsional manifold with an indefinite metric of signature + 1 — (n - 1). In this 
system of co-ordinates the expression for the metric ha* the form 
dft 2 sb hfodyidy* + 2 dy n ~ l dy n f (j, h ~ 1 , 2 , ...» n — 1 ). 

Any arbitrary time-like curve C being taken as the base curve, the forward null cone 
at any point A on G is given by constant, G itself is given by the single equa¬ 

tion y n = 0 , and any forward null geodesic O from A is given by — constant 
(j s= 1 , 2 , ..., n— 1 ). y n is the “projected length" defined in a general co-ordinate 
system (xp) by 

y'^jKpdxP, 

where the integral is taken along G from A, and K M is a unit vector transported along 
G by parallel displacement and forming the tangent to C at A. 

Hadamard's theory of null geodesics as bicharacteristics leads to a generalization 
of this system of normal co-ordinates in which = constant is the equation of a 
system of wave fronts, y i *s constant are the equations of the orthogonal null geo¬ 
desics or rays, and y n is a projected length measured along the rays. 
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The theory is applied to optical problems in general relativity. Fermat’s principle 
of minimum time is established rigorously for any relativistic manifold. The dis¬ 
cussion of astronomical determinations of distance is simplified by the use of the new 
system of normal co-ordinates, which gives explicit expressions for the various 
distance functions. These general results are illustrated by the case of a manifold 
representing an isotropic expanding universe. Incidentally the use of normal co¬ 
ordinates of Riemann’s type in relativistic optics is justified by a new definition in 
terms of “projected distances’*. 


A new Coriolis perturbation in the methane spectrum. III. Intensities and 
optical spectrum. By W. H. J. Childs and H. A. Jahn. (Communicated by 
Sir William Bragg , P,R,S.—Received 22 June 1938.) 

Using the Coriolis perturbations evaluated in a previous paper, a theoretical envelope 
for the infra-red absorption band of the low-frequency fundamental i> 4 of the methane 
molecule is calculated and compared with the experimental envelope of Nielsen and 
Nielsen and also with that of a simple overtone band of methane in the photographic 
infra-red. Theoretical intensity factors for the methane molecule which take into 
account correctly the spin weights of the equivalent hydrogen nuclei are also given. 
It is emphasized that Coriolis perturbations will in general have an important effect, on 
the spectra of all polyatomic molecules having a threefold or higher axis of symmetry. 


Representative algebra and internuclear vibrations. By A. 0. Menziks and 
K. Weissenberq. (Communicated by C, 0 . Darwin , F,R.8.—Received 
23 June 1938.) 

In this paper is described a simplified treatment of representation algebra; designed 
to facilitate the application of representation theory to wave and quantum mechanics. 
The method is quite general. Here it is used for the production of tables dealing with 
the spectroscopy of nuclear oscillations (infra-red and Raman effect) in molecules and 
crystals. The paper is divided into two main parts. Part I contains a new invariant 
treatment of the algebra of unitary representation of a given symmetry group. We 
first characterize each matrix of such a representation by a set of integers which are 
the natural logarithms of the proper values of the matrix, multiplied by a factor 
o>/2ni (where a > is the order of the group operation). The whole representation, which 
is the aggregate of the matrices, is then characterized by the aggregate of the 
corresponding sets of integers, which we call “mode numbers ” (abbreviated to m.n.). 
Representation algebra is thereby reduced to the’ arithmetic of simple integers, and 
rules are given which make possible a drastic reduction in the number of mm. required. 
In application to wave mechanics the m.n. are simply related to quantum numbers of 
angular momentum type. Part II gives in the form of explicit tables the results 
obtained from the application of this treatment to the spectroscopic problem men¬ 
tioned above. The nuclear oscillations are grouped into the various normal modes which 
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are distinguished from one another by the mm. of their corresponding representations, 
so that the m.n. serve as a convenient nomenclature for the modes. In the tables are 
listed the fundamental modes and the fundamental oscillations and properties associ¬ 
ated with eaoh of them. By applying the algebra of Part I to the m.n. characterizing 
these fundamental modes, the properties of obor tones and combinations are calculated. 


The decomposition and ignition of peroxides. I. Diethylperoxide. By 

A. C. Egerton, F.R.S., and E. J. Harris. {Received 24 June 1938.) 

The decomposition of diethylperoxide in the range 130-190° C. occurs in a uni- 
molecular manner and is very little affected by surface or by diluents. The rate is 
given by log 10 K = — 6890-4/T + 14*708 with an apparent activation energy 31500 oal. 
However, as first shown by Neumann and Toutakin, above a certain critical pressure 
the reaction becomes explosive; this effect has been studied, and the critical pressure 
is found to depend on the diameter of the vessel and to a less extent on the presence 
of diluents; the results do not accord with the simpler forms of theory for thermal 
explosions, and further experiments are being made. 

The ignition of the peroxide is related to its explosive decomposition, the slope of 
the (log pKI/T)} curve being the same in a similar vessel; but the ignition takes place 
at a somewhat lower temperature than corresixmds to the critical explosion pressures, 
owing to the increase in the exothermicity. Ignition of diethylperoxide can occur in 
propane oxygen mixtures without ignition of the propano; it is possible therefore that 
substances formed in slow oxidations of hydrocarbons may behave like diethyl* 
peroxide and give rise to cool flames or to cool flames succeeded by true ignition. 
Diethylperoxide greatly diminishes the induction period of the slow combustion of 
propane. 


The dissociation of the ammonium ion and the basic strength of ammonia 
in water. By D. H. Everett and W. F. K. Wynne-Jones. (Communicated 
by Sir Harold Hartley, F,R.S.—Received 24 June, 1938.) 


From measurements of the k.m.f. of cells comprising hydrogen electrodes in buffer 
solutions of ammonia and ammonium chloride the dissociation constants of the 
ammonium ion in water have been determined at different ionic strengths at 5, 15, 25, 
35 and 45°. By combination with the data of Harned for the ionic product of water, 
these results give values for the ionization constants of ammonia. It is found that 
the dissociation of the ammonium ion varies with the temperature according to the 

equation: -log R = 2706/7 1 +0-189, 


corresponding to a heat of dissociation of 12,400 oal. The ionization of water and of 
ammonia, however, do not vary with the temperature in such a simple way and their 
heats of ionization decrease with rising temperature. 
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The difference in the behaviour of these substances is regarded as the consequence 
of the varying electrical type of the dissociation process. If ions are produced in a 
reaction* the orientation of solvent molecules by tho ions causes an entropy decrease 
and also a decrease in the heat oapacity, and therefore a changing heat of ionization. 
Where the dissociation process results in no change in the number of ions, or, more 
correctly, of charge centres, the heat of dissociation is practically constant. 


On the corpora allata of dipterous insects. Part II. By E. T. Bubtt. 
(Communicated by A. D . 7mm.y, F.R.S.—-Received 27 June 1938.) 

Evidence is given concerning the function of Weismarm’s ring which, as was 
suggested by the author in 1937, represents in Calliphora the corpora allata of other 
insects. Methods are described for extirpating Woismann’s ring in the larva of 
Calliphora . Pupation can be prevented either by removing Weismann’s ring or by 
cutting the nerve connexions to this organ. Removal of the ring in larvae which an? 
still feeding causes an arrest of development. Such larvae continue to food for a period 
greatly exceeding the normal, and the growth of their iinaginal buds is arrested. It is 
concluded that Weisrnann’s ring secretes the pupating hormone discovered by 
Fraenkel, and in addition influences processes taking place prior to pupation. The 
work of Hadom on Weismann’s ring in Drosophila is briefly reviewed, and the some¬ 
what discordant results obtained by workers who have removed the corpora allata 
in species of Orthoptera and Lepidoptera are discussed. 


The low temperature properties of gaseous helium. By R. A. Buckingham 
and H. S. W. Massey. (Communicated by ♦/. E . Lermard-Janes, F.R.S .— 
Received 27 June 1938.) 

The viscosity and second viri&l coefficients of helium gas are calculated in the 
temperature range 0-26° K, using exact quantum formulation and the interatomic 
interaction given by Slater. It is found that there is very good agreement with the 
observed viscosity down to 15° K, but below this temperature the calculated values 
are too small. The correct form for the variation of the virial coefficient with 
temperature is obtained but the calculated behaviour is in error in predicting too low 
temperatures for the position of the maxima, etc. (The calculated Boyle point is 21° 
compared with the observed 23°.) 

It is shown that the discrepancies may be greatly reduced in both oases by small 
modification of the Slater field involving reduction of the van der W&als force at large 
distances and inclusion of dipole-quadripole interaction. No difference between the 
theoretical results obtained by assuming different statistics is sufficiently definite to 
be distinguished from small errors in the assumed interaction, in the temperature range 
from 1° K upward. 
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The separation of isotopes for the investigation of nuclear transmutations. 

By E. Leighton Yates. (Communicated by E , V, Appleton , F.R.S.- 
Received 27 June 1938.) 

A mass spectrograph of simple design has been used to prepare deposits oon- 
taining a few micrograms of the separated isotopes of lithium, boron and carbon. In 
the case of lithium, a filament type ion source was employed, while the boron and 
carbon ions were produced in a low voltage capillary arc running in boron trifluoride 
and in a mixture of heavy methane and helium respectively. On examination in 
artificial disintegration experiments, the samples were found to be of high purity. 


Optical pyrometry. II. By F, A. Ottnnold, A. C. Egerton, F.R.S., and 
M. Milford. (Received 28 June 1938.) 

The accuracy of the disappearing pyrometer as n means for determining high 
temperatures is emphasized; the sensitivity is such that temperature changes of 
about l/5th of a degree can bo detected. The simple moans of determining the gold 
point described in Proc. Hoy. Soc. A, 130, 111, 1930, have been improved and an error 
due to the lack of equilibrium between the wire and the platinum tube eliminated by 
increasing the absorption coefficient of the wire. It is shown, as a development of the 
expression derived by Foote, that the effective wave-lengths used in the calibration 
of the pyrometer in terms of the current through the filament are those for which 
the temperature values are the brightness temperatures of the pyrometer filament. 

The use of sectors in the calibration of the pyrometer is discussed, and greater 
accuracy can bo obtained by means of a wide angle sector applied several times, 
rather than by using a single sector of narrow angle. 

The best form in which to express the results of the calibration is discussed. The 
formula for one particular lamp used being; 

T zsz a + b V " 1 -f c l\ 

where a = +1224*913, b= -288 002, r=s+417*101. The measurement of the 
effective wave-lengths of the special monochromatic colour filters used and of the 
transmission coefficients of the neutral absorbing glasses is described and the errors 
in the final extrapolation to very high temperatures determined. 


The kinetics of electrode reactions. By J. N. Agar and F P. Bowden. 
(Communicated by R. G. W. Norriah , F.R.S.—Received 28 June 1938.) 

Port /. The effect of heal concentration changes on overjfotentiaL We can distinguish 
three mam causes of irreversibility in electrode reactions. These! are: 

(i) Concentration overpotantial. 

(ii) Activation overpotential. 

(iii) Resistance overpotential. 
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A general theory of concentration overpotential is developed, and this shows how the 
overpotential will depend on the current density, concentration and temperature. 
An expression for the rate of growth of concentration overpotential after switching on 
the current is also given. 

It is shown that the resistance of the diffusion layer may in some oases attain high 
values, and cause a resistive potential drop at least as great as the concentration 
overpotential. Finally the principal differences between concentration overpotential 
and activation overpotential are described. 

Part II. Electrodeposition from a fused electrolyte. Measurements of the oxygen 
overpotential on nickel and platinum electrodes in fused sodium hydroxide havo been 
made. The current densities used ranged from approximately 5 X 10" 4 to 1 amp./sq. 
cm. At the highest current density the overpotential is of the order 0*2 V. 

Although in some respects the observations might suggest that the overpotential is 
of the same kind as that observed in the deposition of OH' ions in aqueous solutions, 
the evidence as a whole shows that this is not so. The overpotential in fused NaOH 
is due to the change in the concentration of water in the melt in the immediate vicinity 
of the electrode. A small trace of water is normally present in the fused hydroxide, 
and more water is produced by the anode reaction. 

This view is supported by many different lines of evidence, including: 

(а) the influence of stirring the electrolyte; 

(б) the effect of adding small quantities of water; 

(c) the rate of increase of the overpotential on switching on the current.; 

(d) the nature of the relation between overpotential and current density; 

(e) the low value of the temperature coefficient; 

(/) the fact that the overpotential is independent of the nature of the electrode. 

The general behaviour is consistent with the theory of concentration overpotential 
developed in Part I. _ 

On the polymerization of vinyl acetate. Part I. By A. C. Cuthbusrtson 
and E. K. Ridkal, F.R.S. (Received 28 June 1938.) 

Details are given for the preparation of pure vinyl acetate. Freshly distilled 
aldehyde-free vinyl acetate shows no appreciable reaction up to a temperature of 
100° C over a period of 24 hr. It has been shown that the addition of acetaldehyde 
(prepared in air) to pure vinyl acetate catalyses the reaction at 100° C. Experimental 
data have been presented for the course of the polymerization of pure vinyl acetate 
catalysed by benzoyl peroxide at 60, 80 and 100° C and for the former in toluene 
solutions at 80° C, Chain lengths of the polymers at 60° C have been computed from 
viscosity data obtained from measurements made with an Ostwald viscometer which 
were shown to be in relative agreement with comparable measurements made with 
a Couette viscometer. At 80° C there is evidence that chain branching occurred 
particularly in the later stages of the reaction. During the reactions catalyst decom¬ 
position takes place as an independent side reaction. This effect is noticeable at 
60 and 80° and is very marked at 100° C. The reactions are exothermic as a result of 
which there is a temperature rise during the course of the polymerizations. This rise 
is progressively more pronounced as the catalyst concentration is increased. 
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On the polymerization of vinyl acetate. Part II. By A. C. Cpthbbbtson 
and G. Dke. (Communicated by E. K. Bideal, F.R.8.—Received 28 June 
1938.) 

The interpretation of the experimental results described iri Part I is discussed. 
The induction period in the polymerization is ascribed to the fact that the initiation 
process involves two concentive slow reactions, namely the formation and subsequent 
decomposition of a complex between the catalyst and monomer. A kinetic analysis is 
developed, on the basis of which it is concluded that the polymerization chains 
terminate by mutual deactivation. Correction has to be made for the decomposition 
of the catalyst which is found to be an important factor. The causes of the observed 
effect of toluene in reducing both rate and chain length are discussed, and two 
alternative explanations examined. 

The experimental measurements of chain length are in some cases at least in¬ 
validated by the occurrence of branching, loading finally to the production of in¬ 
soluble products. A kinetic treatment shows that branching is largely confined to 
the late stages of polymerization: this is in accord with experimental findings. 


On the theory of coincidence experiments on cosmic rays. By N. Arlky. 
(Communicated by N , F. Mott , F.R.8.—Received 2H June 1938.) 

We have made further calculations on the cascade theory of showers put forward 
by Bhabha and Heitler and by Carlson and Oppcnheimer. In § 1 the number of 
“slow ” electrons in a shower is calculated, i.e. of electrons having an energy less than 
the critical energy of the shower producing material. In § 2 we discuss the fluctua¬ 
tions of the number of particles about the moan number. By means of a simplified 
model for the multiplication process it is made plausible that the Poisson formula 
holds for the fluctuation in small showers. In § 3 the energy spectrum of the soft 
component is discussed. With this energy spectrum the mean probabilities of fhiding 
one, two and so on particles emerging from a certain layer are calculated, giving the 
absorption curve and the Rossi transition curves. In §§ 4-6 we compare our results 
with experiments. The quantitative agreement between theory and experiment for the 
absorption and the Rossi curves is satisfactory both with regard to the shape of the 
curves and their dependence on the material. There is, however, a difficulty in under¬ 
standing the Z % law found for the Rossi curve at small thicknesses. This is possibly 
explained by the simultaneous effects of a light quantum and an electron. The spread 
of showers from air is discussed in this connexion. 


The rates of transformation in ethyl alcohol of ammonium and ethyl- 
ammonium cyanates to the corresponding ureas. By Christina C. Miller 
and J. R. Nicholson. ( Communicated* by «/. Kendall , F.R.8.—Received 
29 June 1938.) 

The rates of transformation of ammonium cyanate to urea at 16, 24 and 32° C, 
and of ethylammonium cyanate to ethylurea at 0, 10 and 20° C have been found over 
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the concentration range 0*0002-0*04 M in ethyl alcohol containing 1*91 % of water, 
and compared with those for methylammonium oyanate at 0 and 10° C in the same 
solvent. 

On the supposition that ammonium (or alkylammonium) and cyanate ions are the 
reactants, the applicability of the Breasted-Gronwall, La Mer and Sandved theory to 
the results has been tested by assuming its validity and calculating the values of a, 
the mean distance of closest approach of the ions, required to give agreement. For all 
three cyanates a has been found to have a high positive temperature coefficient. 
A simplified form of Christiansen’s equation for ionic reactions is not generally 
satisfied at infinite dilution, whether r the distance between colliding and reacting 
ions is taken to be constant or set equal to the temperature-variable a values. 

The Arrhenius equation (k = Ae~& A l RT ) is not fulfilled, except at the highest con¬ 
centration. Eji and A vary in a parallel manner from one cyanate to another, and 
with change of concentration, temperature and solvent. An attempt has been made 
to explain the relative rates of transformation of the cyanates in water and ethyl 
alcohol at infinite dilution by supposing that the solvation of the reactants plays an 
important part. 


The effect of androgenic substances on the growth of the teat and mammary 
gland in the immature male guinea-pig. By A. C. Bottomley and S. J. 
Folley. (Communicated by A. 8. Par ices, F.R.8.—Received 30 June 1938.) 

In the young male guinea-pig between 150 and 430 g. body woight the teat grows 
isometrically with the body as a whole. This teat growth ceases after castration and is, 
therefore, maintained by the endocrine activity of the testes. The unsaturated 
androgens, J 5 -<ran«-androstendiol, testosterone, J s -/lrarw-dehydroandrosterone and 
17-methyltostostorone promote teat growth, A 6 - trans - and r os ten d i o 1 being the most 
potent in this respect. 

Data for the relative rates of teat growth under the stimulus of d 5 -Jrans-andro- 
stendiol, /1 6 -*ra«s-dehydxoandroeterone, testosterone propionate and 17-methyl- 
testosterone give good agreement with the law of simple ailometrio growth. The 
saturated androgens, cis - andros ter one, cis-androstendiol, dihydrotestosterone and 
the unsaturated diketone d 4 -androstendione, do not promote teat growth. Testo¬ 
sterone and its propionate were both more active in promoting teat growth when the 
volume of oil medium used for injection was decreased. Testosterone propionate was 
no more active than free testosterone. 

The relative rate of teat growth caused by testosterone propionate was greater in 
intact guinea-pigs thau in recently castrated ones. The activity of the androgens in 
promoting teat growth appears to be correlated with the presence of a double bond 
or d 6 ) in the ring structure of the moleoule, and the presence of at least one 
hydroxyl group in the 3 or 17 position also appears to be necessary for activity. The 
most active substance studied was an unsaturated 3-17 diol. 

Histological examination showed the A t -Jrona-androstendiol, testosterone pro¬ 
pionate and 17-methyltestosterone stimulated the mammary ducts but caused very 
little alveolar development. 
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The effects of thunderstorms and lightning discharges on the earth’s 
electric held. By T. W. Wormkll. (Communicated by C. T. It. Wilson , 
F.R.S.—Received 29 June 1938.) 

The results of an ex tended series of observations of the potential gradient during 
thunderstorms in the years 192(1-36 are discussed. A capillary electrometer was used 
to record photographically the behaviour of the gradient, and continuous observations 
were possible oven in the most intense fields and throughout heavy rainfall. The 
effects of lightning discharges could be detected up to atyout 40 km. distance. The 
time of response of the recording system to a sudden change in the held was about 
0*06 sec. and the method thus yields an accurate record of the behaviour of the pre- 
discharge gradient, of the recovery of the field after a discharge and also a certain 
amount of detail during the change of field accompanying a discharge. 

Records of a number of storms are reproduced and discussed in detail. 

The values of the pro-discharge gradient beneath a thundercloud rarely exceeded 
10,000 V/m. even just before a close lightning flash, Negativo gradients were on the 
average more intense than positive ones at all distances from the storm. When dis¬ 
charges were occurring within 6 km., negativo pre-discharge gradient was twice os 
frequent as positive; beyond 10 kin,, positive gradient predominated. 

The magnitude of the field changes due to very close discharges was very variable. 
The biggest observed, of either sign, exceeded 50,000 V/m., but hashes within 1 km. 
occasionally caused changes of only a few thousand volts per metre. 

The magnitude of the field changes at greater distances leads to on estimate of the 
electric moment of the discharges. The mean value deduced for this quantity (i.e. 
twice the product of the charge by its vertical displacement) was about 220 coulombs 
x kilometres. The values for positive and negative discharges were not greatly 
different. 

Abstracts [*$97] ij 
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The moat distant discharges recorded showed an excess of negative field changes 
(i.e. of changes tending to reduce the value of a positive potential gradient). For 
discharges within 15 km. there was a considerable excess of positive field changes, the 
proportion increasing with decreasing distance until at about 5 km. distance positive 
changes were more than three times as frequent as negative ones. This well-known 
behaviour is commonly interpreted as duo to the frequent occurrence of a discharge 
involving the main positive charge at the top and negative charge in the base of the 
thundercloud. For the very close discharges there was however, in the present series 
of storms, a marked increase in the proportion of negative field changes, positive and 
negative changes being about equally frequent for discharges within 3 km. The 
observations would seem to demand tho not infrequent occurrence of a second type 
of cloud discharge which causes a negative field change at short distances, but a 
positive change beyond its small reversal distance, and must be very low down. 

About one quarter of all the hold changes recorded, even with this rather slow 
apparatus, Bhowed components of both signs. For very close discharges the propor¬ 
tion was considerably higher. Such complex field changes were sometimes observed 
when only a single flash, either in the cloud or to earth, was visible in daylight. Many 
of the simple field changes showed appreciable duration on the records, in a few oases 
exceeding 0*5 sec. In some cases this was clearly due to the discharge being made up 
of several strokes but in others the change was recorded as a slow smooth variation of 
the field. 

The form of the recovery of the field after a discharge is discussed in detail and it is 
concluded that the initial rate of regeneration of electric moment by the cloud is, on 
the average, about 0*15 of the moment destroyed by the flash per second. 

A brief discussion is given of our present knowledge of some of the fundamental 
quantities connected with a thundercloud and of the theory of the mechanism of the 
production of the charges. 


The use of a vertical pipe as an overflow for a large tank. By A. M. 

Binnik. (Communicated by R. V. Southwell , F.R.8.—Received 30 June 1938.) 

The performance of vortical pipes arranged as overflows in a tank was studied 
experimentally on a small scale with special apparatus, which ensured that the water 
reached the pipe inlet with no tangential component of velocity. 

Under normal conditions the change of head with discharge was small at low heads. 
At this stage the flow was not rotational, but a considerable volume of air was drawn 
down the pipe in the form of bubbles. Above a sharply market! critical head, the pipe 
ran full and a large rise of head caused only a slight increase in the discharge. The 
effects on the critical head of lengthening the pipe and of sharpening its inlet end were 
comparatively small, but the insertion of a trumpet-shaped mouthpiece greatly 
improved the performance. 

The types of flow described by Borda as free and full flow were possible with over¬ 
flow pipes of uniform diameter, and they resulted in a serious reduction in the dis¬ 
charge. 
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The electromagnetic energy of a point Charge. By M. H. L. Pbycb. (Com¬ 
municated by P. A. M. Dirac, F.R.8.—Received 30 June 1038.) 

A method of defining the energy of a point charge in a finite manner is developed. 
It is roughly equivalent to subtracting an infinite constant from the ordinary expres¬ 
sion in an unambiguous and relativistioaUy invariant way. The energy and momen¬ 
tum are quite simply given as the sum of a mechanical part and a (convergent) 
integral over all space. For a point charge in uniform motion the energy and momen¬ 
tum are the same as for a particle possessing inertia. 

The equations of motion for a point charge are derived from the conservation of 
energy and momentum. 

In § 5 the theory is presented symmetrically with regard to the advanced and 
retarded fields. 


An absolute determination of the acceleration due to gravity at the National 
Physical Laboratory. By J. 8. Clark. (Communicated by W . L. Bragg, 
F.R.S.—Received 5 July 1938.) 

An absolute determination of the value of g at the N.P.L. has boon carried out, 
using a reversible pendulum swinging in vacuo on a fixed knife-edge, the plane- 
bearing surface being part of the pendulum itself. 

The pendulum was designed to be as rigid as possible, and special attention was 
given to the calculation of the correction due to the elastic deformation of the 
pendulum when oscillating. 

Investigations were also made to determine the corrections due to curvature of the 
knife-edges, elasticity of the support, amplitude of swing, and the residual pressure. 

The mean result of eighteen determinations gave the value of g at the N.P.L. 
(lat. 61° 25' 14' N.» long. 0° 20' 21* W., and height above M.8.L. 10m.) as 98M81* 
cm./sec. 8 


Specific heat-temperature curves of some age-hardening alloys. By N. 

Swikdells and C. Sykes, (Communicated by W . L. Bragg , F.RM .— 
Received 5 July 1938.) 

The changes in atomic configuration taking place during hardening affect the 
apparent specific heat of age-hardening alloys. Specific heat-temperature curves and 
hardness measurements have been obtained on five typical age-hardening alloys. 

The results show that in certain cases, e.g. the silver-copper and copper-beryllium 
alloys, maximum hardness is attained when the major portion of the chemical energy 
associated with the supersaturated solid solution has been evolved, i.e. precipitation 
has taken place. In other cases, duralumin and aluminium-copper alloys, maximum 
hardness is associated with segregation of the solute atoms in the parent lattice prior 
to precipitation. 
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The classical equation of state of gaseous helium, neon and argon. By 

R. A. Buckingham. (Communicated by J. E. Lennard-Jones, F.R.S .— 
Received 11 July 1938.) 

The problem of deriving the form of the interaction of rare gas atoms from their 
observed second virial coefficients is attacked by the method introduced by Lonnard- 
Jones, using the classical equation of state and for the interaction energy 

E(r) =Ar~* — fir~K (1) 

The method of calculation used by Lennard-Jones for helium, neon and argon, 
assuming A and p constant, has been modified and then extended to allow for a 
possible alow variation of A with r. The bearing of the results upon the true interaction 
of helium atoms is dismissed, mainly in relation to the accuracy of the Slater field. 
For neon and argon it is emphasized that an unambiguous determination of the 
interaction energy requires an accurate knowledge of the properties of the crystalline 
form of these elements. The description of the repulsive potential by analytic 
expressions, such as be rl P and b 1 r 7 e~ r/ Pi> is considered, and parameters deduced 
which give the best correlation of gas and crystal data, on the assumption that (1) 
and kindred forms are valid for the interaction of neighbouring atoms only in the 
crystals. 


The formation of negative ions by positive-ion impact on surfaces. By 

R. Press and R. H, Sloane. (Communicated by E. V . Appleton , F.R.S. 
—Received 12 July 1938.) 

It has been found that when a hot-cathode discharge is passed through mercury 
vapour, light negative ions are produced from surfaces exposed to positive-ion 
bombardment. The negative ions include some with energies greater than could be 
imparted to them in the existing electric fields. Experiments are described which 
eliminate the possibility that the excess energies could lie produced through electrical 
oscillations. The conditions under which the negative ions appear indicate that they 
are produced mainly through sput tering of occluded electronegative films under the 
action of mercury positive-ion bombardment, but results From experiments of this type 
cannot be interpreted unambiguously. The existence of this process has been shown 
direotly by a double mass spectrograph in which beams of positive ions of known 
kind are allowed to impinge normally on a metal disk in high vacuum and are found 
to produce a spectrum of negative ions, with properties similar to those of the negative 
ions obtained in the previous experiments. The existence of Hg“ as a stable entity 
seems to be still in doubt. 


The porous diaphragm method of measuring diffusion velocity, and the 
velocity of difhision of potassium chloride in water. By G. S. Hartley 
and D. F. Runnicles. (Communicated by F. 0. Donnan } F.R.S.—Received 
12 July 1938.) 

A continuous reading apparatus for measuring the rates of diffusion of pure 
electrolytes through porous diaphragms is described. 
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Results obtained for the diffusion of potassium chloride as a function of concentra¬ 
tion are presented and the absolute values obtained by extrapolation* 

The comparison of the results obtained with the best available data by absolute 
measurements shows that there is still room for more accurate work in the whole 
problem, but it is believed that the diffusion coefficients in the range from N/100 to 
N/10 are accurate to within 2 %* 


The determination of the size of paraffin-chain salt micelles from diffusion 
measurements. By G. S. Hartley and D. F. Runnicles. (OmnmunirMed 
by F. G. Donnan , F.R.S.—Received 12 July 1938.) 

The porous diaphragm method has boon applied to the measurement of the diffusion 
of paraffin-chain micelles in aqueous solution with a swamping excess of simple 
electrolyte. 

For cetyl pyridinium salts the method is satisfactory and a radius for the micelle 
of about 26 A is found. The radius is independent, within experimental error, of the 
concentration of paraffin-chain or swamping electrolyte, and very little dependent 
on temperature. These results are in excellent agreement with the “spherical liquid 
micelle” theory. There is small, but definite, influence of the nature of the gegenion 
on the size of the micelle. 

For cetane sulphonates and cetyl sulphates the method fails to give reliable results, 
probably owing to the building up of a structure within the pores of the diaphragm. 

When tlio solutions are saturated with amyl alcohol or benzene the method again 
fails to give reliable results. A mechanism is suggested for the anomalies observed. 


The simultaneous sorption of carbon bisulphide and water vapour by 
activated charcoals. By A. J. Allmaxd, F.R.S. and J. L. Lizitrs. (Received 
12 July 1938.) 

Although accurate work has recently been published in the Proceedings on the 
adsorption of gaseous mixtures on solid sorbents, the authors do not think that similar 
work of any value has appeared dealing with the simultaneous adsorption of two 
vwpowre . They have attempted to carry out such measurements, using water and 
carbon bisulphide as the sorbates, and three activated charcoals of varying character 
as the sorbents. The technique employed, including pressure measurements by means 
of a Pirani gauge, was an extension of that already described in the Proceedings of the 
Society. 

Experiments were carried out on the effect of varying charges of water vapour on 
the pressure exerted by a constant charge of carbon bisulphide sorbed on charcoal, 
on the sorption isotherrnals of water on charcoal containing such a charge of oarbon 
bisulphide, and also on the sorption isothermals of carbon bisulphide on charcoal 
containing a constant charge of water. The results are expressed in the form of 
diagrams. They are of some complexity, due to the complications involved in the use 
of water vapour. 
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The disousfiion is a somewhat detailed one, necessarily so in the opinion of the 
authors, in view of the complex nature of the systems studied. It commences with 
a r&aum<$ of our present knowledge of the nature of the sorption of water and carbon 
bisulphide vapours by the charcoals of the particular types used—points to a paral¬ 
lelism between certain results in the present paper and the sorption isothermals of 
water on charcoal—makes detailed suggestions regarding the nature of the different 
stages of the latter (adsorption of single molecules passing gradually over to the 
formation of a continuous adsorbed film, with irreversible capillary condensation 
superposed)—explains the effect of an increasing water charge on the pressure of a 
constant carbon bisulphide charge in the light of these suggestions—shows how the 
isothermals of carbon bisulphide on charcoals containing sorbed water are consistent 
with the same views. 


The mammary gland of the rhesus monkey under normal and experi¬ 
mental conditions. By S. J. Follby, A. N. GuTHKEbOH and 8 . Zttckkrman. 
(Communicated by W. E, Le Oros Clark , F.R.S.—Received 13 July 1938.) 

Examination of the mean mammary gland area of twenty-six non-pregnant normal 
female rhesus monkeys shows that over the body-weight range 3409-6060 g. the gland 
grows according to the simple allometric law. The first menstrual cycles of the rhesus 
monkey after puberty are usually anovular. Until ovulation occurs, mammary glands 
grow by proliferation of their ducts, and alveoli do not appear to form until after 
luteiniasation has occurred. 

Normally the mammary gland of the male rhesus monkey consists of a relatively 
uncomplicated duct system which does not extend far beyond the base of the nipple. 
One otherwise normal male showed a condition of gynaecomastia, with clumps of 
fully formed alveoli. Thirteen male monkeys were injected daily with varying 
quantities of oestrone for periods ranging from 6 to 484 days. Only one of these 
animals (one that was injected for fower than 15 days) failed to show duct prolifera¬ 
tion. Only one showed alveolar formation, no alveoli being present in the two animals 
which received the longest treatment (368 and 484 days respectively). 

Only two of four female rhesus monkeys which were spayed before the beginning 
of the treatment with oestrone (37-365 days) showed alveolar formation. Testosterone 
propionate appears to stimulate stunted duct development and alveolar formation 
in male monkeys. 

No carcinomatous changes were observed in the mammary glands of any of six 
monkeys which were injected daily with oestrone either continuously or for the major 
part of periods varying between 365 and 938 days. 


The thermal decomposition of nitrous oxide. By C. N. Hinshklwood, 
F.R.S. and R. M, Lewis. (Received 15 July 1938.) 

Further experimental data relating to the thermal decomposition of nitrous oxide 
at 747° and 652° are recorded. 

The variation of reaction rate with pressure is expressed both in terms of the 
reciprocal half time of reaction and in terms of the initial rates. The two curves 
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obtained are similar enough to show that previous conclusions based upon the half¬ 
time curves are confirmed by the initial rate curve. 

The mean value of the activation energy falls at lower pressures, and the absolute 
magnitude of this energy agrees with most previous determinations, but not with 
those upon which lias been based a theory that the reaction is abnormally slow for 
certain quantum mechanical reasons. 

The influence of the products of reaction and of additions of nitrogen, argon and 
carbon dioxide has been studied. There is a contrast between the action of argon and 
that of carbon dioxide in that the former has a relatively greater effect at lower than 
at higher partial pressures of nitrous oxide. This fact is consistent with a greater 
complexity of the reaction mechanism than corresponds to the assumption of a single 
tk quasi-unimolecular ” reaction. The nature of this complexity is discussed. 


On the stability of flow between parallel planes. By D. Meksyn. 
{Communicated by L. Bair stow, FR.8.—Received 20 July 1938.) 

The equations of motion of a viscous fluid for the case of flow between two parallel 
planes are considered, and it is shown that at sufficiently high Reynolds numbers 
and sufficiently small wave-lengths, neutral vibrations of small amplitude can coexist 
with a laminar flow. For moderately large values of H neutral vibrations can exist 
only for discrete values of H and A, the wave-length of the vibrations. 


The band spectrum of silicon monosulphide and its relation to the band 
spectra of similar molecules. By R. F. Barrow and W. Jeyons. 
(Communicated by A. Fowler , F.R.8.—Received 21 July 1938.) 

The spectrum of SiS is investigated in emission by heavy-current discharges 
through a mixture of SiS vapour and argon. In the region A2585-3959 is a system of 
some 79-80 red-degraded bands with single heads: 

^ ead » 36028*84- (512-Ou' — 2*38w'* — 0-04W 8 ) — (749*5^ — 2*56u**) 

(where w = J). That the lower state is the ground state of SiS is proved by the 

fact that some of the band heads (with \f — 0 and 1) have been measured in absorp¬ 
tion by SiS vapour. In the region A3491-6169 in the SiS discharge are about 70-80 
red-degraded bands, which form a part of a second extensive system, probably of 
SiS, with neither state in common with the first. The vibrational frequencies for the 
upper and lower states are pf the same orders for the two systems. The first system 
almost certainly involves singlet states (either l 2? x'£ or l IJ x x S), while the 

second system, which resembles the 3 27 5 I7 system of S, in appearance, may involve 
triplet states of SiS. The first system occurs also in heavy-current discharges through 
Al a $, vapour and argon, and through BClg vapour and H a S, in silica tubes, apparently 
without the second system. The energies of dissociation of SiS in the ground state 
and excited state of the first system are about 0-0 + 0*3 and 21 ± 0*6 eV respectively, 
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and the products of dissociation are probably unexcited atoms, 8i(*P) 8(*F) in each 
case* The numerical constants for the ground states and certain excited states of the 
diatomic oxides, sulphides and selenides of group IV (B) atoms are surveyed* and 
from the empirical relations described the constants for the expected systems of SiSe 
and GeSe are estimated, 


The behaviour of polar molecules in solid paraffin wax. By R. W. Sillabs. 
(Communicated by E . V. Appleton, FM.S.—Received 25 July 1938.) 

The experiments described constitute an extension of previous work by Jackson 
and were carried out on solid samples of paraffin wax containing small concentrations 
of various long-chain esters. The esters are of molecular type similar to the wax, but 
have a permanent electric moment in virtue of the ester group. Dipole effects similar 
to those found by Jackson are observed, and the variations of the characteristic time 
constants with temperature and with chain length of the esters are studied. Variation 
with temperature is approximately exponential, the exponent being about the same 
for each ester. It is found that the time constant is a non-linear function of the total 
chain length of the ester molecule, but is relatively independent of the position of 
the oster group in the chain. It is confirmed that the observed losses are due to dipole 
effects and not to some adventitious cause. It is concluded that the whole ester 
molecule contributes to the time constant, and therefore tliat it behaves os a rigid 
structure and does not simply become deformed in the immediate neighbourhood of 
the dipole group. This is in agreement with evidence from other sources. The results 
do not suggest any simple relation between chain length and time constant, and a 
satisfactory theory to relate them lias yet to be found. 


The specific heat of /7-brass. By R. Eisenschnitz, (Communicated by Sir 
William Bragg , FM.S.—Received 26 July 1938.) 

A theoretical investigation is made of the specific heat of /7-brass. The following 
assumptions are made in the course of the calculation: The interaction energies of 
the atoms vary with the square of change of volume; the energy minimum of the 
average of Cu-Cu and Zn-Zn energies lying at higher volume than the minimum of 
Cu-Zn. 

The partition function at constant volume is calculated according to the theory of 
Bragg and Williams; the corresponding partition function at constant pressure is 
obtained by taking an average over the variable volume. 

It is shown that the specific heat curve can be adjusted so as to give good agreement 
with experiment for temperatures below the maximum of specific heat. 

The theory of Bragg and Williams is applied to a lattice containing a finite number 
of atoms. By introducing this number, agreement is obtained with the experimental 
slope of the C 9 curve, beyond the maximum. A theoretical estimate is made which 
justifies the introduction of this finite number. 

A general theorem of statistical mechanics is derived, according to which all 
thermodynamical quantities in physically realizable systems are analytic functions 
of the temperature. 
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The effect of solvents on the continuous absorption spectrum of bromine. 

By R. G. Aickin, N. S. Bayijss and A. L. G. Rees. (Communicated by 
F. Q. Donnan, F.R.8.—Received 20 July 1938.) 

The visible and ultra-violet absorption speotrum of bromine has been investigated 
in the following solvents : water (2N sulphuric acid), cyclohexane, chloroform, carbon 
tetrachloride, benzene, chlorobenzene, toluene. 

The weak ultra-violet absorption of gaseous bromine is enormously enhanced in 
solution, particularly by the aromatic solvents. The smallest effect occurs in carbon 
tetrachloride, where considerable deviations from Beer’s law were found. Absorption 
maxima in the ultra-violet were found at 2500 A in cyclohexane, at 2725 A in chloro¬ 
form, and in the neighbourhood of 2950 A in the aromatic solvents. 

In the region of the visible continuum, the non-aqueous solvents cause a marked 
increase in absorption intensity combined with a small or zero shift of the maximum 
towards the ultra-violet. Water causes a large displacement (1750 om.~ l ) of the 
maximum to higher frequencies; but only a very small increase in intensity. If the 
A component of the visible continuum is complex, the displacement of the maximum 
in non-aqueous solvents can be interpreted as duo to a greater solvent effect on 
l IJ u than on 8 /7 (J + . The transition 3 77 lM *2+ is less affected still. 

Difficulty is found in interpreting the observations if the B continuum is complex 
and A simple* 


Oscillatory motion of a fluid along a circular tube. By D. G. Chris- 
topherson, A. Gemant, A. H. A. Hooo and R. V. Southwell, F.R.S. 
(Received 26 J.uly 1938.) 

This paper is concerned with oscillatory motion (either free or forced) of a viscous 
fluid along a circular tube: the restoring force comes in both instances from the 
“gravity head ” which results from the passage of fluid. Part I is a theoretical dis¬ 
cussion of the problem. Part II deals from a practical standpoint with complicating 
factors (e.g. turbulence, or meniscus and other end effects) which the theory does not 
take into account, and briefly discusses the possible application to viscometry. 
Part III gives the results of experiments made to test the predictions of Parts I and II. 


The surface migration of barium. By M. Bewamin and E. 0. JjwKms. 
(Communicated by JR. H. Fowler , F.R.S.—Received 27 July 1938.) 

It is found that under similar vacuum conditions barium does not migrate over 
tungsten, although thorium does. It is also shown that barium does not migrate over 
nickel. 
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The yield of mild steel, with particular reference to the effect of size of 
specimen. By J. L. M. Morrison. ( Communicated by R. V, Southwell, 

F. R.S.—Received 28 July 1938.) 

The paper describes an investigation carried out to determine by means of tests 
under various conditions of uniform and non-uniform stress distribution the criterion 
of yield in specimens of mild steel. 

Apparatus is described for heat-treating material after machining in such a manner 
as to avoid surface decarburization, and for determining the stresses at yield of 
specimens tested in tension, compression, flexure, torsion and combined tension and 
torsion. Experiments are described which indicate that the material used is uniform 
and isotropic; and the results of certain earlier investigations are compared with those 
found in the present paper. 

No differences are found between the yield of mild steel in tension and compression. 

The tests in combined tension and torsion give results in accordance with the theory 
of yield at a critical value of the shear strain energy stored per unit volume of the 
material. It is later shown that this result is due to the size of specimen tested. 

Tests in tension on solid specimens of varying size and on thin tubes indicate that 
the character of the yielding of mild steel is a result of the polycrystallin© nature of 
the material. 

It is shown that in all cases of non-uniform stress distribution the yielding depends 
on the size of the specimen. The explanation advanced to account for this result is 
that in such cases yield is delayed until a shear stress not less than the shear stress 
at yield under uniform stress is applied to a thickness of material of the order of a 
few crystal diameters. _ 

The band spectrum of antimony fluoride (SbF). By H. G. Howell and 

G. D. Rochester. (Communicated by W. E. Curtis , F.R.S.—Received 
28 July 1938.) 

The spectrum of SbF has been produced in active nitrogen and also by means of 
a high-frequency discharge. It consists of throe groups of bands lying in the regions 
3600-6000, 2600-2700 and 2200-2430 A. Most of the bands in the first region had 
already been shown by Rochester to belong to two systems. The remaining bands 
in this group are here allocated to a third system. As the vibrational constants of 
these three systems are very nearly the same they are considered to be due to transi¬ 
tions between triplet electronic levels. Similarly, the ultra-violet bands form a 
triplet system, one component being in the region 2600-2700 A and the other two 
between 2200 and 2430 A. The final state is common to both triplet systems and is 
probably ®/7. The multiplet separations of the states is not known nor is the nature 
of the other electronic levels. 

The vibrational constants of all the SbF systems are as follows: 

Visible triplet system 
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Ultra-violet triplet system 


V* 

< 

x 4 w/ 

w/ 

*#«>/ 

37937-6 

696-9 

1-09 

616*6 

3*19 

43613-7 

698-8 

1-93 

612*6 

2-63 

44760 

700 

— 

612 

. 


The comparative behaviour of mammalian eggs in vivo and in vitro . 
II. The development of fertilized and artificially activated rabbit eggs. 

By G. Pmctrs. (Communicated by J. Hammond , F.R.S* — Received 3 August 
1938.) 

This paper describes: 

(i) the sequence of changes occurring between sperm attachment, and the first 
cleavage division in rabbit ova normally fertilized in vivo; 

(ii) the oytologioal changes occurring in unfertilized rabbit ova during their sojourn 
in the fallopian tubes; 

(iii) the cytological behaviour of unfertilized ova subjected to five activating 
treatments (exposure to (a) hypertonic solution, (b) supranormiil temperatures, 
( c) treatment with rabbit sperm, (d) treatment with rat sperm, and (e) culturing in 
a moist chamber) is categorized, and the various events ensuing upon activation are 
described and discussed; 

(iv) the effects of varying the intensity and duration of the hypertonic solution 
and heat treatments; 

(v) the results of treating rabbit ova with the spermatozoa of six species of mammal 
other than the rat and rabbit; 

(vi) a series of transplantations of artificially activated rabbit ova. 

These experiments are taken to demonstrate that; (1) both ovarian and tubal ova 
activated by these treatments in vitro will in varying degrees exhibit development 
comparable to that of normally fertilized eggs; (2) the initiation of activation is an 
all-or-none process though its continuation probably is not; (3) haploid, diploid or 
tetraploid parthenogenesis results from the treatments employed; (4) the intervention 
of atretic processes may arrest the development of activated eggs at any develop¬ 
mental stage; (5) foreign sperm may activate rabbit eggs to a limited degree, but, 
except in certain instances with rat sperm, the foreign sporm do not penetrate the 
zona pellucida of the rabbit eggs; (6) living young may arise from artificially activated 
eggs, but only in a limited number of cases. 


The heat of shortening and the dynamic constants of muscle. By A. V. 

H nja t Sec, R.S. (Received 3 August 1938.) 

Further improvements in thermopile and galvanometer systems are described 
which have made it possible to read the initial heat production directly from photo¬ 
graphic records, in absolute units and (for most purposes) without analysis. 

When a muscle shortens, in a tetanically maintained contraction, it liberates extra 
energy in two forms, (i) as “shortening heat”, in amount proportional to the shorten- 
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ing, and (ii) as external mechanical work. The shortening heat is independent of the 
load, and therefore of the work done and the speed of shortening. The rate of energy 
liberation, i.e. of work + heat, is a linear function of the load, increasing as the load 
diminishes. 

The “dynamic constants” of muscle, in a maintained contraction, are defined and 
measured. They are: 

а, the shortening heat per cm. of shortening; 

P 0 , the isometric tension; 

б, the increase of energy rate per g. wt. of load. 

At any temperature these quantities are vary constant: a/P 0 is independent of tem¬ 
perature, b has a temperature coefficient of about 2*05 par lO^C. A “characteristic 
equation ” is deduoed for the speed of shortening v under a load P, viz. 

(P + a) (v + 5) s= const. 

This equation is very accurately obeyed. By fitting it to observations of v and P, 
the^same constants a and b are obtained as are given by heat measurements. 

When a contracting muscle is made to lengthen gradually by applying a load 
rather greater than the isometric tension there appears to be a negative heat of 
lengthening, and the total energy given out by the muscle is less than in an isometric 
contraction. The energy relations in lengthening are the converse of those in shortening 
and seem to be governed by the same rules. 

The nature of the shortening heat, and the mechanism by which the energy rate 
is governed by the load are discussed. It is suggested that the chemical processes by 
which energy is liberated involve certain active points in 4he molecular machinery, 
and that when these are occupied in attracting one another and producing a tension 
they are not available to take part in chemical reaction. 

The work done by a muscle in raising a load, or in overcoming an elastic resistance, 
is transformed into heat in relaxation. ' 

The “visco-elasticity” of contracting muscle is shown to be the property of a 
two-component system, the one component being undamped and elastic, the othor 
being governed by the characteristic equation (P*f a) (t> + 6) = const., and its corre¬ 
sponding energy relations. The fact that an active musole shortens more slowly under 
a greater force is due, not to “viscosity” but, as Fonn has claimed, to the manner in 
which the energy liberation is regulated. A large force causes a low energy rate, 
which results in a low speed. 

From this can be deduced (i) the form of the isometric contraction, (ii) the form 
of the force-distance curves made, at constant velocity, by the Levin-Wyman ap¬ 
paratus, and (iii) that the greatest rat© of doing external work should occur with a 
load equal to about 30 % of the isometric tension. 


The specific heat of gases at high temperatures. By R. W, Penning and 
A. C. Whiffin. {Communicated byWL. Bragg , F.R.S.—Received 3 August 
1938.) 

(a) Introductory (reasons for enquiry). At the time this investigation was authorised 
there was some uncertainty as to the accuracy of the “accepted” values of the 
molecular heat, at high temperatures, of the gases which comprise the working fluid 
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of the internal combustion engine, and in view of the experience that had already 
been gained at the N.P.L. in connexion with gaseous explosions in dosed vessels, 
it was recommended that a redetermination of this fundamental physical property 
should be attempted. 

(6) Range of investigation. By carrying out explosions of mixtures of the type 
(2 + a) CO 4* O s 4- bA, and replacing the argon in turn by CO, N, and CO,, values have 
been obtained of the mean molecular heat of these gases between 373° K and 
about 2370, 2650, 2930 and 3060°K. By balancing the heat lossew in each group 
of explosions, the direct measurement of such heat losses was avoided although their 
magnitude could eventually be obtained from the heat capacity equations. 

Determinations have also been made of the mean molecular heats at constant 
volume of H, and H,0 (gas), the measurements being made from 373° K to 
temperatures ranging from about 2100 to 2900°K. Although the highest tem¬ 
perature is considerably below that attained in the case of CO, N g and CO,, it is 
believed to be a considerable advance on earlier work, the temperature extension 
being obtained by the substitution of nitrous oxide for oxygen in the explosive 
mixtures. The tt s and H,0 determinations are dependent on heat loss measurements 
for which a special device was employed. 

(c) Conclusions. The values obtained for the moan molecular heats at constant 
volume of CO, N,, CO,, H, and H,0 (gas) are represented by the following equations 
over the specified temperature ranges: 

Between 373° K and temperatures ranging from 2350 to 3070° K: 

O co » 4*8544* 0*0,7725T — 0*0 7 875T*, 

C N# = 4*7954-0*0 8 7675T-0*0 7 875T*, 

C 0O ,= 8*631-f°001522T^- 0 * 0 6 15T s . 

Between 373° K and temperatures ranging from 2050 to 2930° K: 

0 Hi s 4*089 4- 0 0 8 953T - 0*0 7 98TV 
C H|0 * 4*874 -f 0 002284T-0*0 e 256T 8 , 

where T =s upper temporature in degrees Centigrade absolute. 

These values are compared with molecular heats deduced by other investigation 
from spectroscopic data and, for the ranges specified above, represented by 

C co = 4*955 4-0*0,7018T-0*0,812T a , 

C Nt = 4*833 4* 0*0,7224T — 0*0 7 822T*, 

Cq 0$ - 8*672 4* 0*001555T — 0 , 0 i 182 fa > 

C Hl » 4*369 4* 0*0,6474T -0-0,4861* 

C H|0 = 6*244 4“ 0*001893T — 0*0 e 194!T a . 

The difference between the two sots of values is comparatively small and if equal 
weight be given to each, the appropriate equations would be: 

C GO a 4*904 4* 0*0,737 IT — Q*0,844T*, 

C Nt « 4*8144* 0*q,745T-0-0,8491* 

C'oOt ** 8*651+ 0-001538T-0*0,1651* 

C u% a 4*229 4* 0*0*8002T—0*0,7331*, 

C H# o » 6*059 4- 0 002089T - 0-0,2251* 
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A further study of the problem of nuclear Isomerism: the application of 
the method of coincidence counting to the investigation of the y-rays 
emitted by uranium Z and the radioactive silver Ag 106 . By J. V. 

Dunwobth and N. Feather. (Communicated, by E . V. Appleton, F.R.S .— 
Received 3 August 1938.) 

The application of the method of coincidence counting by electrical means to the 
study of the time correlation of nuclear processes—particularly that of successive 
quantum emission—is discussed in detail. It is shown that a knowledge of the energy 
dependence of the sensitivity of the counters is essential for any interpretation of the 
results of such experiments. For the y-ray oounters employed in the present investiga¬ 
tion some information on this point has been obtained by the use of sources of 
thorium-active deposit of short and long exposure. In the course of this work the 
general validity of the ideas of Ellis and Mott ( 1933 ) and of the nuclear level schemes 
of Oppenheimer ( 1936 ) has been established. Also the paired quanta of the annihila¬ 
tion radiation of positrons liave been utilized in the calibration. 

A Btudy of the y-radiations from UZ and the long-lived modification of Ag l0# by 
' the coincidence method has shown, in the former case, the emission of two quanta 
in succession in a very large fraction of the disintegrations, and, in the latter, the 
emission of four or five quanta in succession in the most probable mode. This result 
is in general accord with the view that nuclear isomers are to be distinguished one 
from the other by a small difference in energy content and a large difference in 
angular momentum. The particle emission from the short- and long-lived modifications 
of Ag 106 has also been studied. It appears probable that the negative electrons of 
the long-period activity are internal conversion electrons associated with nuclear 
transitions following K electron capture, rather than that they represent a distinct 
mode of disintegration of the long-lived radioelement, Ag 10# . 


Relaxation methods applied to engineering. IV. Problems relating to 
elastic stability and vibrations. By K. N. E. Bradfield, D. G. Chris- 
tophkeson and R. V. Southwell, F.R^S. (Received 3 August 1938.) 

Preceding papers in this series have been concerned with unique solutions: this 
paper deals with problems such that a complete solution would define an infinite 
number of configurations, all satisfying the governing equations and the terminal 
conditions, but each associated with some particular value of a critical loading or 
frequency (the “characteristic number’ 1 , or eigenioert), 'The strut and vibrating rod 
(of non-uniform seotion) have been chosen for detailed treatment as the simplest 
examples, respectively, of elastic stability and vibrations; but the principles as 
distinct from the details of our “relaxation” treatment are quite general, and they 
provide a new method of attack on problems which are at once difficult and important. 

In both problems the relaxation method appears capable of determining, with 
more than sufficient accuracy for practical purposes (when dimensions etc. are not 
known exactly), not only characteristic numbers but also the mode associated with 
each. (The modes are not determined by the well-known theorem of Lord Rayleigh.) 
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’The nature of sliding and the analysis of friction. By F. P. Bowden and L. 
Leben. (Communicated by Q. I. Taylor, F.R.8.—Received 8 August 1938.) 

A detailed analysis of the kinetic friction between moving metals shows that the 
frictional force does not remain constant during sliding. Sliding is not a continuous 
process: the motion proceeds in jerks, and large and violent fluctuations occur in the 
friction. In the case of dissimilar metals the top surface sticks to the bottom one 
and moves with it until, os a result of*the gradually increasing pull, a sudden and 
very rapid slip occurs. The process is then repeated indefinitely. A simultaneous 
measurement of the surface temperature shows that this too is fluctuating and, at 
the instant of slip, there is a sudden temperature “flash”. 

The exact behaviour depends upon the relative physical properties of the metals, 
particularly on the melting point, and there is evidence that three distinct types of 
sliding may occur. The experiments suggest that friction is duo to a welding together 
of the metals at the local points of contact. These metallic junctions are large com¬ 
pared with the dimensions of a molecule and when they are broken the metal is 
distorted to a considerable depth. 

Even if the surfaces ore lubricated with mineral oils or other lubricants an inter¬ 
mittent clutching and breaking away of the surfaces ooours and the behaviour may 
be essentially the same. Certain long chain fatty acids may prevent stick-slip and 
allow continuous sliding to take place. 


The area of contact between stationary and between moving surfaces. By 

F. P. Bowden and I). Tabor. {Communicated by G . 7. Taylor , F.R.S .— 
Received 8 August 1938.) 

An estimate of the real area of contact between stationary and between moving 
metal surfaces has been made by electrical and by visual means. Experiments with 
stationary surfaces show that the area of intimate contact is very small. It varies 
with the pressure, but for flat steel surfaces it may be less than one ten thousandth 
of the apparent area. The real area of contact is not greatly affected by the size, 
shape and degree of roughness of the surface: it depends mainly on the pressure. 
The general behaviour is consistent with the view that the surfaces are held apart 
by small irregularities. This means that even with lightly loaded surfaces the local 
pressure may be sufficiently great to cause the steel to flow plastically. This conclusion 
is supported by the observed relation between the pressure and the electrical con¬ 
ductivity. The slope of such a curve indicates that, at the points of contact, plastic 
flow of the metal has occurred. Although the stresses may cause elastic deformation 
in the bulk of the metal, the experiments suggest that the irregularities on which 
the bodies are supported are crushed down until their cross-section is sufficient to 
enable them to support the applied load. 

Measurements made with moving surfaces show that the area of contact is not 
constant but is fluctuating rapidly during sliding. A detailed analysis shows a 
remarkable correlation between these fluctuations and the frictional and temperature 
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changes described in an earlier paper. It is dear that an intermittent clutching and 
breaking away of the surfaoes is taking place and the results support the view that 
metallic junctions between the metals are being rapidly formed and broken. The 
nature of these junctions depends on the relative physical properties of the two metals 
and there is again evidence that three main types may occur. 

The conductivity measurements show that even if the metals are lubricated with 
mineral oils and other lubricants, metallic contact may still occur through the him 
of lubricant. When the surfaces slide, fluctuations in the area of contact are observed 
and the behaviour may be essentially the same as for unlubricated surfaces. 


Visual pathways concerned in gonadal stimulation in ferrets. By W. E. 

Lb Grob Clark, F.R.S., T. McKkown and S. Zuckerman. (j Received 
10 August 1938.) 

At the beginning of the non-breeding season lesions were made at various levels 
in the visual pathways of the brains of female ferrets. The animals were then exposed, 
at the end of each day, to bright artificial illumination for 6 hr. and 30 min. in order 
to discover whether or not they would come into heat during the anoestrum. Normal 
control animals, and ferrets whose optic nerves had been divided were exposed to the 
same conditions, while normal control animals were also kept under ordinary 
laboratory conditions. 

The ferrets whose optic nerves had been divided either did not come into heat at 
all, or came into heat much later than the control animals. All the other animals 
came into oestrus either within or soon after the control period set by the normal 
animals exposed to additional light. The experiments showed that the normal response 
to visual stimulation oocurs in the absence of the superior colliculi, when all retinal 
impulses to any part of the mid-brain have been interrupted and when retinal 
impulses to the dorsal nucleus of the lateral geniculate body and the visual cortex 
have been completely interrupted. Unless a few isolated normal cells in the dorsal 
nucleus of the lateral geniculate body provide the basis for adequate cortical stimula¬ 
tion, it was also found that a normal response can occur in the combined absence of 
the visual cortex and the superior colliculi, while another experiment strongly 
suggested that it can ooour even after the interruption of retinal impulses passing 
to the dorsal nucleus of the lateral geniculate body, visual cortex, superior colliculi 
and pretectal area. This being so, the conclusion is suggested that the visual response 
depends on impulses passing either to the ventral nucleus of the lateral geniculate 
body, or to the subthalamus by way of the accessory optic tracts. 

These results are discussed in relation to views on the exteroceptive stimulation 
of the pituitary in general and to the question of pituitary innervation in particular. 
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Growth and development In the pig with special reference to carcass 
quality characters. By C. P. MoMeekan. ( Communicated by J. Hammond , 
F,R.S.—Received 8 August 1938.) 

Carcass quality in the meat animal is defined, in terms providing a fundamental 
basis for its scientific study, as being dependent upon the proportions of the body 
and upon its relative composition in the terms of bone, muscle, fat and offals. On 
the hypothesis that these characters are determined by growth and developmental 
changes, and that euoh ohanges fire themselves controlled by hereditary and environ* 
mental influences, a series of experiments was designed to provide the knowledge 
of the principles operative, essential to increasing man’s effective control over the 
animal body. 

The composition of the bodies of some seventy closely inbred pigs of the Large 
White breed has been studied by complete anatomical dissection in the laboratory. 

Analysis of postnatal changes with age under normal conditions has established 
the general order in development of the body proportions, tissues, and anatomical 
units. The different parts and tissues exhibit marked differential growth, so that the 
existence of well-defined growth gradients in the pig has boon demonstrated. 

The influence of quantitative differences in the plane of nutrition, operative from 
birth for the first 16 weeks of life, is such that the differential response of the different 
parts and tissues is dependent upon their differential growth relationships. 

Complex experiments over the productive life of the pig as a meat producing 
animal afford convincing evidence of the influence of the nutritional environment 
as a directive and controlling force in the development of the animal body. The 
shape of the growth curve is revealed as a dominant factor in this connexion. Major 
modifications in form and anatomical composition do not occur as isolated effeote 
but as orderly changes spread over a number of correlated parts. 
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By establishing the quantitative relationships between “interna!" and “external" 
body measurements, and the anatomical composition, a scientific basis has been given 
their use in the study of carcass quality in the pig. 


A new theory of melting-points. By F. C. Frank. (Communicated by 
JV. V . Sidgwick , FR.S.—Received 11 August 1938.) 

The only satisfactory existing theory of melting is the purely phenomenological 
thermodynamic description. This reveals no connexion with existing molecular 
theories, such as Lindemann’s, and stands to some extent in contradiction with 
these. The modem recognition of order in liquids and disorder in solids raises the 
problem of explaining why there is an abrupt jump in physical properties on melting 
at all, instead of a continuous change, only showing discontinuity in a derivative 
quantity, e.g. in specific heat. Peierls has already succeeded in showing that dis¬ 
continuity in certain properties is necessary. 

In this paper the Bragg and Williams theory of order-disorder transformation is 
applied to melting. The basic assumption for tins application is that the increasing 
disorder!iness of a crystal near, and in fiction above, its melting-point can be described 
by a continuous numerical measure. An essential deviation from the oases considered 
by Bragg and Williams is that the lattice loses its rigidity on approaching states of 
low order. This causes one to anticipate a change of form in the V(S) curve of Bragg 
and Williams such that the transition is regularly one of first order, whereas their 
coses could readily be of either first or second order, in sensitive dependence on minor 
changes of circumstance. 

According to this interpretation there are critical temperatures above and below 
the melting-point limiting the range of existence of the metastable (superheated and 
supercooled) states. The probability that transformation will commence becomes 
great as the critical temperature is approached. It is shown that the melting-point 
may be expected to lie much closer to the upper critical point tlian the lower one, 
which may in certain circumstances be near the absolute zero. This explains why 
it is impossible to keep a crystal in the superheated state, but sometimes necessary 
to supercool to very low temperatures to produce crystallization nuclei in a liquid. 


Progressive lightning. VI. By H. Collens, D. J. Malan and B. F. J. 
Sohonland, F.R.S. (Received 15 August 1938.) 

An account is given of some apparently anomalous lightning discharges observed 
with the Boys oamera, and it is shown that their behaviour is in accordance with the 
same principles as govern the more usual type of discharge. 

Certain abnormal first leader processes occur in two stages, the first rapid and the 
second involving a velocity dose to the limiting value for negative streamer propaga¬ 
tion. The first stage is considered to arise from the presence of space-charge concentra¬ 
tions in the air below die oloud. Dart streamers may travel down from the aloud 
during the second slow stage and catch up with the leader tip. 
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Changes in the lower portions of the channels used by successive strokes of the 
same flash are shown to be associated with long time intervals between strokes, 
whereby the conductivity and guiding power of the previous track is destroyed. A 
case of change in the upper portion of the channel is ascribed to the existence of 
a second centre of charge within the cloud. 


The /?-ray spectrum of RaE. By L. H. Martin and A. A. Townsend. 
(Communicated by T. H. Laby, F.R.S.—Received 15 August 1938.) 

The /7-ray spectrum of Ra E has been studied by moans of a magnetic spectro¬ 
meter, the magnetic field for which was provided by an annular electromagnet, and 
has a geometrical form especially suitable for /?-ray analysis. 

Special attention was paid to the effect on the distribution of back scattering 
in the source support, and absorption in the window of the counter. The former was 
found to disturb the shape of the distribution to a greater extant than is generally 
appreciated. With the source mounted on thin mica and after correcting for absorp¬ 
tion in the window of the counter, the maximum of the distribution was placed at 
1210 gauss cm., a valuo much further towards the low-energy end of the distribution 
than has usually been found. The average energy of the /7-particles is in good agree¬ 
ment, however, with the calorimetric values- 

Both the Fermi theory and the modification of Konopinski and Uhlenbeck com¬ 
pletely fail to describe the experimental distribution. The high-energy limit was 
placed at 5395 gauss cm. 


Optical thickness of the transition layer between transparent media. 

By H. D. Bruce. (Communicated by J. W. McBain, F.R.S.—Received 
16 August 1938.) 

In view of the use that is being made in recent years of the properties of reflected 
plane polarized light to determine the nature and thickness of the adsorbed or tran¬ 
sition layer, the theories of Drude and Maclaurin are discussed and found to reduce 
to an identical form not permitting of mathematical separation of thickness and 
refractive index of the transition layer, not even by the use of a series of observations 
as simultaneous equations. It is shown that the minimum thickness of the adsorbed 
layer compatible with the equations is derived by assuming the refractive index of 
the adsorbed layer to be the geometrical mean of the indices of the two media. 


The spectral variation of the photosensitivity of visual purple. By 

C. F. Goodeve, R. J. Lythooe and E. E. Schneider. (Communicated 
by Q. Ai L. Evans, F.R.S.—Received 18 August 1938.) 

The photochemical bleaching of visual purple was measured quantitatively at 
wave-lengths ranging from 440 to 560 m/i using the method of photometric curves 
described previously. The experimental arrangement included a new high-intensity 
Hilger monochromator. 
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efficiency of bleaching is essentially constant and of the order of unity over the i 
wave-length range. These facts lend further support to the previous arguments yn 
the mechanism of the bleaching process. * 

The spectral variation of the photosensitivity is compared with the acotopic 
luminosity curve and good agreement between them is found. The significance of 
this result for the theory of scotopic vision is discussed. 


A quantitative investigation into the enterohepatic circulation of bile salts 
in the cat. By J, Mellanby, F.R.S., and S. F. Suffolk.. (Received 
23 August, 1938.) 

In a fasting oat about 95 % of the total bile salt is contained in the gall-bladder 
bile. The hepatic bile, continuously secreted by the liver, contains only traces of 
bile salt. In the fed cat the volume and bile-salt content of the hepatic bile shows 
a large increase, whilst the gall bladder contains only a small quantity of relatively 
dilute bile. The removal of the small intestine causes an immediate fall in the cholic 
acid content Of the hepatic bile to that found in the fasting cat. 

Bile salt *fe absorbed more rapidly from the ileum than from the duodenum and 
jejunum. A small amount of absorption occurs in the large intestine, but the absorp¬ 
tion of water takes place much more rapidly than that of bile salt. Consequently 
the original concentration of bile salt may be increased fivefold in the unabsorbed 
bile. Bile salts injected into the blood are rapidly excreted in the hepatic bile. They 
are non-threshold substances in respect of the biliary apparatus. Bile salts are not 
stored in any tissue outside the enterohepatic system. The intravenous injection of 
secretin increases by 50 % the volume of bile secreted by the liver. It has np effect 
on the total quantity of cholic acid contained in the bile. Its action is therefore that 
of a hydrogogue. ^ 

Stimulation (acetyl choline) or par alysis (atropine) of the parasympathetic nerves 
to the liver has no influence on the volume or cholic acid content of the bile. 
Stimulation of the sympathetic nerves to the liver (adrenalin) diminishes to a small 
degree the volume of the bile secreted but augments the total amount of Cholic acid 
contained in it. The sympathetic nerves may stimulate the formation of cholic acid 
from some inactive precursor by the liver cells. 

After removal of the bile from a fasting cat, two-thirds of the cholic acid is 
re-synthesized in 2 days if the animal feeds well. In the absence of eating no synthesis 
of cholic acid takes place. 

A oat contains approximately 100 mg. of cholic acid per kg. body weight. A rat 
contains approximately 25 mg. cholic acid per kg. body weight. The rate of flow of 
bile per unit of body weight is about six times as great in the rat as in the oat. 
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